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ABSTRACT 
Stanford Research I n s t i t u t e ,  Menlo Park,  Cal i forn ia  
TREATMENT OF METALLIC SURFACES FOR USE WITH SPACE STORABLE PROPELLANTS: 
A CRITICAL SURVEY 
SRI Spec ia l  Report No.  951581-8 
R.  F. Muraca, J. S. Whit t ick,  and J. A. Neff,  June 30 ,  1968 
(JPL Contract No. 951581 under NAS7-100; SRI P ro jec t  PRD-6063) 
The  survey reviews processes  f o r  t reatments  ("passivation") of 
me ta l l i c  sur faces  t h a t  a r e  t o  come i n t o  contact  with the  space s to rab le  
propel lan ts  OF 
treatment of metals t h a t  a r e  t o  come i n t o  contac t  w i t h  ox id izers  i s  not 
necessary a s  long as t h e i r  sur faces  a r e  free of cont.aminants. In prac- 
t i c e ,  however, preliminary exposure of m e t a l  sur faces  t o  any of the  
f l u o r i n e  oxid izers  i s  recommended t o  ensure deac t iva t ion  of contaminants 
which have r e s i s t e d  cleaning processes.  
C1F3, FLOX, CH4, and B2H6. I t  i s  suggested that  spec ia l  2' 
D e t a i l s  of a general  procedure a r e  given f o r  pre-treatment of metal 
systems t o  be used with OF2,  C1F3, and FLOX: 
and ( 2 )  deac t iva t e  r e s idua l  contaminants with a cont ro l led  f luo r ina t ion  
treatment.  The recommended f luo r ina t ion  treatment i s  merely a s t e p  i n  
the  cleaning procedure and not  a d e l i b e r a t e  attempt t o  provide "passiva- 
t i on .  A de t a i l ed  d iscuss ion  of t he  formation and na tu re  of p ro tec t ive  
f l u o r i d e  f i l m s  is  included. 
(1) desca le ,  degrease,  d r y ,  
11 
Available r e p o r t s  on the  compa t ib i l i t i e s  and corrosion r a t e s  of 
metals and f l u o r i n e  oxid izers  a r e  reviewed; gu ide l ines  f o r  treatment of 
metal systems f o r  use with methane and diborane a r e  presented.  Con- 
c lus ions  and recommendations f o r  f u r t h e r  work a r e  included i n  a separa te  
s ec t ion ,  
iii 
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I. INTRODUCTION AND SUMMARY 
The propel lan ts  which a r e  cu r ren t ly  under considerat ion f o r  s torage  
i n  space a t  temperatures ranging t o  a s  low a s  -200'F include f u e l s  such 
a s  diborane and methane and highly-react ive oxid izers  such as oxygen 
d i f  luor ide  (OF2), f luorine-oxygen mixtures (FLOX) , and ch lor ine  t r i f  luo- 
r i d e  (CTF). 
aluminum, n i cke l ,  copper, t i t an ium,  and s t a i n l e s s  steel a l l o y s  a s  candi- 
da tes  f o r  construct ion of hardware f o r  s to r ing  and handling the  s e m i -  
cryogenic propel lan ts  over per iods of from 2 t o  10 years ;  these metals 
appear t o  have s a t i s f a c t o r y  physical  p rope r t i e s  a t  l o w  temperatures,  
r e s i s t  cor ros ive  a t t a c k ,  and do not  induce propel lan t  decomposition. 
A series of inves t iga t ions*  have i d e n t i f i e d  metals such a s  
The semi-cryogenic propel lan ts  under considerat ion a r e  highly reac- 
t i v e  with a va r i e ty  of mater ia l s ;  t he  occurrence of s eve ra l  s e r ious  
explosions i n  metal-f luorine oxid izer  propel lant  sys t ems  has been a t t r i -  
buted t o  the  v io l en t  f l u o r i n a t i o n  of metal sur faces ,  and thus  pre-treatment 
of m e t a l l i c  sur faces  with f luo r ine  and/or f luo r ine  ox id ize r s  has been 
employed t o  pass iva te  them and t o  render them i n e r t .  However, there  
e x i s t s  confusion as t o  whether one pre-treatment has merits over o the r s ,  
whether some pre-treatments y i e ld  surfaces  which resist a t t ack  more than 
o the r s ,  and even whether pre-treatment i s  required.  I n  order  t o  determine 
the e f f i cacy  and d e s i r a b i l i t y  of f l u o r i n e  pre-treatments and whether pas- 
s iva t ion  based on o ther  p r inc ip l e s  can be e f f e c t i v e ,  a comparison was.made 
of cleaning procedures and pass iva t ion  treatments;  t h e  f ind ings  a r e  sum- 
marized i n  the  following sub-sections.  
I t  Advanced Valve Technology, Interim Report, Contract NAS7-436, TRW it 11  
Systems r epor t  no. 06641-6004-R000, November 1, 1966; 
"Advanced Valve Technology, Vol. 11, Mater ia ls  Compatibil i ty and Liquid 
Propel lan t  Study," Contract NAS7-436, TRW Systems r epor t  no. 06641-6014- 
ROO0 , November 1967. 
FLUORINE OXIDIZERS 
There i s  some confusion a s  t o  why "passivation" i s  recommended f o r  
metal sur faces  t o  be used w i t h  f l u o r i n e  oxid izers ,  and p a r t i c u l a r l y  as 
t o  the implicat ion and meaning of the  t e r m .  Pass iva t ion  i s  o f t e n  regarded 
a s  the  resu l t  of a s p e c i a l  process which deac t iva tes  the sur face  of a 
metal by means of a pro tec t ive  f i l m ,  and thus permits exposing the metal 
sur face  t o  an environment i n  which it  o r d i n a r i l y  would be gross ly  corroded. 
Although t h i s  concept i s  co r rec t ,  an examination of the  r e s u l t s  of com- 
p a t i b i l i t y  and corrosion tests w i t h  f l uo r ine  oxid izers  and metals revealed 
t h a t  pass iva t ion  t reatments  d i d  not  lead t o  lower corrosion r a t e s  and t h a t  
pretreatments d i d  not  prevent continued r eac t ion  between m e t a l  sur faces  
and the  f luo r ine  oxid izers .  I t  was discerned t h a t  "passivation" processes 
a r e  not  needed, because p ro tec t ive  and corrosion-l imit ing f l i m s  a r e  formed 
whenever c lean metal sur faces  a r e  brought i n t o  contact  w i t h  f l uo r ine  or 
f luo r ine  oxid izers ;  t he  processes are used t o  overcome the d i f f i c u l t i e s  
of obtaining c l ean l ines s  i n  a complicated system. 
A review was made of the  r eac t ions  of t he  oxid izers  with clean metal 
sur faces ,  and i t  w a s  found t h a t  a t h i n  metal-f luoride f i lm forms v e r y  
quickly and achieves the  major por t ion  of i t s  u l t imate  thickness  on most 
metals within a few hours;  the  f i l m  l i m i t s  the r a t e  of a t t ack ,  and f o r  
a given metal  seems t o  have the  same composition regard less  of whether 
f luo r ine  or a f l u o r i n e  oxid izer  w a s  i n i t i a l l y  i n  contact  with i t .  A l -  
though f luo r ide  formation i s  highly exothermic, t h i n  f i l m s  a r e  so effec-  
t i v e  i n  l i m i t i n g  a t t a c k  t h a t  the  i g n i t i o n  temperature of metals is  not 
achieved. Studies  have shown t h a t  the  p ro tec t ive  f i l m  i s  degraded by 
moisture,  b u t  i s  r e a d i l y  repa i red  without v io l en t  r eac t ion  on re-exposure 
t o  a f luo r ine  oxid izer .  A l s o ,  i t  has been shown the  t h e  f i l m  i s  t i g h t l y  
adherent i n  the  oxid izer  medium, i s  f l e x i b l e ,  and reforms r e a d i l y  i f  
damaged i n  any way. 
The pass iva t ion  of s e n s i t i v e  metal  sur faces  by appl ica t ion  of non- 
f l u o r i d e  propr ie ta ry  coat ings has been attempted; complete coat ing of 
i n t r i c a t e  shapes is  d i f f i c u l t ,  and most coat ings are unstable  and a r e  
r ead i ly  converted t o  loose f luo r ine  compounds which form sludges.  
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Furthermore, these  coat ings do not  have the  se l f -hea l ing  p rope r t i e s  
c h a r a c t e r i s t i c  of f l u o r i d e  pass iva t ing  f i lms .  
The f ind ings  of the  inves t iga t ion  a l s o  suggest t h a t  scrupulously 
clean metal systems need no p r i o r  treatment before exposure t o  f l u o r i n e  
oxid izers ;  however, because t y p i c a l  propulsion systems cannot be cleaned 
with c e r t a i n t y ,  some form of preliminary exposure t o  a f luo r ine  oxid izer  
i s  recommended and, accordingly,  t he re  i s  out l ined  i n  Sect ion I11 a pro- 
cedure designed t o  deac t iva t e  those por t ions  of a rocket propulsion 
system which may not  have been subjected t o  thorough cleaning processes.  
Compatible Metals 
Almost a l l  of the  metals l i k e l y  t o  be used i n  the  construct ion of a 
propulsion system f o r  use with f luo r ine  oxid izers  a r e  i n  a l l  ways compat- 
i b l e  with the  ox id ize r s  with r e spec t  t o  low r a t e s  of corrosion,  lack of 
s t r e s s  corrosion,  ga lvanic  a c t i v i t y ,  embrit t lement,  and impact s e n s i t i v i t y .  
Typical metals include copper, n i cke l ,  aluminum, and s t a i n l e s s  steel  
metals and a l loys .  
Corrosion r a t e s  of the  metals i n  f l u o r i n e  oxid izers  a r e  very low and 
c h a r a c t e r i s t i c a l l y  of the  order  of a maximum of 0.1 mpy i n  the  formative 
s tages  and t y p i c a l l y  of the  order of 0.001 mpy over prolonged s torage  
per iods.  Unfortunately,  the  tests were performed over sho r t  periods of 
t i m e ,  t y p i c a l l y  less than 2 weeks, and therefore  i t  i s  not  poss ib le  t o  
p red ic t  with assuredness t h a t  the  low corrosion r a t e s  w i l l  be maintained 
over s torage  per iods of 2 ,  5, or 10 years .  On the  o the r  hand, s ince  i t  
i s  recognized t h a t  i n i t i a l  corrosion r a t e s  are usual ly  much higher than 
f i n a l  corrosion r a t e s ,  i t  appears t h a t  the  r a t e  of a t t ack  of these  metals 
by f luo r ine  oxid izers  i s  very low and probably w i l l  remain a t  low values 
f o r  a s  long as 10 years. 
The corrosion s tud ie s  which have been performed have not  taken i n t o  
considerat ion the  p o s s i b i l i t y  t h a t  extended s torage  may lead t o  the  forma- 
t i o n  of sludges which can clog o r i f i c e s  and inva l ida t e  valve ac t ions ;  i t  
i s  evident t h a t  even low corrosion r a t e s  w i l l  i n  t i m e  generate  a s i z a b l e  
amount of sludge. 
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Titanium disso lves  i n  ch lor ine  t r i f l u o r i d e  because i t s  p ro tec t ive  
f luo r ide  f i l m  i s  so luble  and the re fo re  cannot l i m i t  the rate of attack 
of the  metal. On the o ther  hand, var ious t i tanium a l l o y s  g ive  ind ica t ion  
of low corrosion rates i n  OF 
s u f f i c i e n t  t o  permit discerning whether ins tances  o f  high corrosion rates 
are due t o  the inadver ten t  presence of impur i t ies  such as HF. Notwith- 
s tanding some ind ica t ions  t h a t  i t  i s  cor ros ion- res i s tan t  w i t h  these 
oxid izers ,  t i tanium cannot be recommended for use because i n  the  presence 
of OF or FLOX, i t  i g n i t e s  upon impact. However, there e x i s t s  the possi- 
b i l i t y  t h a t  t h i n  coat ings of n i cke l  on t i tanium may reduce the  s e n s i t i v i t y  
of t h i s  m e t a l  t o  i g n i t i o n  by shock or impact; nickel-clad t i tanium has not 
been inves t iga ted  f o r  use with f luo r ine  oxid izers .  
FLOX, or F2, but  ava i l ab le  data a r e  in- 2’ 
2 
FUELS 
Liquid methane does not  r e a c t  with metals;  t hus ,  space propulsion 
s y s t e m s  based on methane as a f u e l  r equ i r e  no s p e c i a l  treatment of m e t a l l i c  
sur faces  except f o r  general  c l ean l ines s  t o  remove d i r t ,  metal d u s t ,  etc. 
which may lodge on valve s e a t s  or cause clogging of i n j e c t o r s .  
Diborane i s  unreac t ive  w i t h  most common metals;  however, i t  i s  re- 
ac t ive  w i t h  t he  contaminants l i k e l y  t o  remain on fabr ica ted  metal sur faces ,  
and i t  i s  emphasized that  metal sur faces  must be cleaned of impur i t ies  
and s c a l e  oxide and thoroughly dried.  The compat ib i l i ty  of diborane and 
t i tanium has not  been inves t iga ted ;  it i s  not  known whether t i tanium can 
e x t r a c t  hydrogen from diborane. The f u e l  can be handled only i n  closed 
sys t ems  which have been purged of a i r .  
A s  ind ica ted  i n  Section 11, a t t e n t i o n  must be given t o  the  poss ib le  
embrit t lement of conta iners  a t  t h e  cryogenic temperatures required f o r  
s torage  of l i q u i d  methane or diborane. 
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11. TREATMENT OF METALLIC SURFACES 
FOR HANDLING AND STORING METHANE AND DIBORANE 
Gaseous methane can be s t o r e d  i n d e f i n i t e l y  i n  m e t a l  conta iners  de- 
signed t o  provide acceptab le  burs t - s t rength  requirements f o r  pressurized- 
gas v e s s e l s ;  no s p e c i a l  treatment of m e t a l  su r f aces  i s  requi red ,  except f o r  
rigorous c leaning  t o  remove d i r t ,  metal dus t ,  etc. which may lodge on va lve  
s e a t s  or con t r ibu te  t o  t h e  clogging of i n j e c t o r s .  On t h e  o the r  hand, s t o r -  
age of l i q u i d  methane imposes t h e  add i t iona l  requirement t h a t  storage-tank 
metals do not  become excess ive ly  b r i t t l e  a t  liquid-methane s to rage  tempera- 
t u r e s  (-161' t o  -182OC). Metals found s a t i s f a c t o r y  f o r  t h e  oceanic trans- 
po r t  of l i q u i d  methane (under LN 
s t e e l ) ,  and annealed s t a i n l e s s  steel 304L [24]; i t  is an t i c ipa t ed  t h a t  t hese  
and s imi l a r  a l l o y s  may be used i n  cryogenic space s to rage  systems f o r  methane. 
cool ing)  a r e  9% N i  s teel ,  Invar (36% N i  2 
Diborane i s  not  r e a c t i v e  a t  room temperature wi th  t h e  usual metals of 
cons t ruc t ion  [7a] and has been found t o  be compatible wi th  b r a s s ,  l ead ,  
n i cke l ,  K Monel, low-carbon steel ,  and 18-8 s teel  (no da ta  on t i t an ium) .  
I t  i s  shipped i n  chrome-moly steel cy l inde r s  f i t t e d  with b ra s s  o u t l e t  valves 
and dip-tubes. Stored i n  these  cy l inde r s  a t  -20°C, diborane undergoes about 
0.2% decomposition i n  one year ;  a t  warmer temperatures, decomposition press- 
u r e s  range from 0.14 atm a t  -18OC i n  100 days t o  52 a t m  a t  +25OC i n  120 days 
[7b]. 
hydrogen; o the r  products may be v o l a t i l e  boron hydrides and q u i t e  o f t e n  s o l i d  
(BH ) polymeric hydrides;  t he  s o l i d  products a r e  p a r t i c u l a r l y  undesirable i n  
propel lan t  systems because they  may con t r ibu te  t o  t h e  clogging of 
i n j e c t o r s .  The s e v e r i t y  of problems posed by depos i t ion  of s o l i d s  during 
long-term s to rage  has not  been evaluated. 
recommended because embrittlement of tank metals may lead t o  t h e  rupture  
of s torage  vesse l s  on impact, shock, or sudden pressur iza t ion .  
Thermal decomposition of diborane always involves  t h e  formation of 
X 
Storage below -8OOC i s  not 
Meta l l i c  sur faces  i n  contac t  with diborane do no t  need t o  be passi-  
va ted ;  however, i t  is s t r e s s e d  t h a t  a l l  systems must be thoroughly cleaned 
t o  remove organic  impur i t ies  and metal oxide scale, and t h a t  diborane may 
_.- 
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be used only i n  completely-enclosed systems which have been thoroughly 
purged with d r y  n i t rogen  or hydrogen [7]. 
agent ,  diborane may be q u i t e  r e a c t i v e  with t h e  oxides present on metallic 
su r faces ,  and may be r e a c t i v e  wi th  t i tanium. More importantly,  t h e  sys -  
t e m s  must be completely d ry ,  f o r  diborane i s  r e a d i l y  hydrolyzed t o  bo r i c  
ac id  and hydrogen, and t h e  b o r i c  acid sludge is  p a r t i c u l a r l y  e f f e c t i v e  a s  
a clogging agent i n  rocket propulsion systems. Metal embrittlement by 
hydrogen r e s u l t i n g  from decomposition of diborane has not  been noted. 
Because it  is a s t rong  reducing -
A s u i t a b l e  procedure f o r  prepar ing  metal su r f aces  t o  be used with 
diborane has not  been repor ted ;  however, procedures recommended f o r  s y s -  
t e m  components t o  be used with pentaborane [ l o ]  should be appl icable .  
rough (or welded)  components are thoroughly descaled and then machined; 
a f t e r  degreasing, r e s i d u a l  oxides are removed a s  fol lows:  
(1) System components f ab r i ca t ed  of s t a i n l e s s  s teel :  
The 
( a )  Immersion i n  an aqueous s o l u t i o n  containing from 45 
t o  55 w t - $  n i t r i c  ac id  ( t echn ica l  grade) a t  room 
temperature f o r  a minimum of 30 minutes, 
(b)  Rinsing with water t o  remove all t r a c e s  of 
ac id  (pH p a p e r ) ,  
( c )  Drying with a stream of d r y ,  hydrocarbon-free, f i l t e r e d  
n i t rogen  gas ,  or by hea t ing  i n  an oven a t  140-160'F. 
( 2 )  System components f ab r i ca t ed  of aluminum or i t s  a l loys :  
( a )  Immersion i n  an aqueous s o l u t i o n  conta in ing  
about 45 w t - $  n i t r i c  ac id  ( t echn ica l  grade) a t  room 
temperature f o r  a minimum of one hour, 
(b)  Rinsing thoroughly with water t o  remove a l l  traces 
(c) Drying by purging with dry ,  hydrocarbon-free, f i l t e r e d  
n i t rogen  gas or by hea t ing  i n  an oven a t  140-160'F. 
of a c i d  s o l u t i o n ,  
Af t e r  assembly of t h e  t r e a t e d  components, t h e  e n t i r e  s y s t e m  
must  be thoroughly purged with dry n i t rogen  gas. I f  f o r  any reason t h e  
s y s t e m  i s  vented t o  t h e  atmosphere, it must again be purged with d r y  
n i t rogen  gas p r i o r  t o  t h e  in t roduct ion  of diborane. 
-
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111. REVIEW OF PROCESSES TO CONDITION METALLIC SURFACES 
FOR USE WITH FLUORINE OXIDIZERS 
A review of ava i l ab le  l i t e r a t u r e  ind ica t e s  t h a t  f l u o r i n e  oxid izers  
w i l l  r e ac t  i n i t i a l l y  with the  sur face  of near ly  a l l  s o l i d  materials and 
t h a t  the r eac t ion  a t  low temperatures (<4OO0C) quickly subsides because 
of the formation of an adherent ,  impervious f l u o r i d e  f i l m .  It has been 
found t h a t  a wide va r i e ty  of metals a r e  compatible w i t h  f l u o r i n e  oxid izers  
because of p ro tec t ive  f i lm  formation and, i n  genera l ,  t h a t  the  f l u o r i d e  
f i l m s  a r e  s t rong enough t o  withstand f lexure  and t o  r e s i s t  d i r e c t  impinge- 
ment of rap id ly  flowing streams of the oxid izers .  
Formation of p ro tec t ive  f luo r ide  f i l m s  on metals involves the  r e l ease  
of considerable  hea t  of r eac t ion ,  but  s ince  th i ck  metal s ec t ions  are 
o r d i n a r i l y  employed i n  the  cons t ruc t ion  of f l u o r i n e  oxid izer  s y s t e m s ,  
and the  amount of metal  f l uo r ide  tha t  i s  formed is  very s m a l l ,  the  heat  
of r eac t ion  is  rap id ly  d i s s ipa t ed  and i g n i t i o n  temperatures are not  
achieved. However, there a r e  scattered repor t s  of accidents  with f luo r ine  
oxid izers  i n  which metal sys t ems  have ign i t ed ,  but i t  i s  now genera l ly  
recognized t h a t  these def lagra t ions  must  have been i n i t i a t e d  by  rap id  
reac t ion  of the  oxid izer  w i t h  organic  substances,  water ,  or w i t h  extremely 
f inely-divided metals or m e t a l l i c  oxides of sur face  areas  SO l a rge  i n  
proport ion t o  mass that  t h e i r  vigorous r eac t ion  led t o  i g n i t i o n  of heavier 
metal  sec t ions .  I n  f a c t ,  no i g n i t i o n  reac t ions  were observed when metals 
i n  seve ra l  s i z e s  of subdivis ion,  from bulk s o l i d s  t o  powders f i n e r  than 
300 mesh, were exposed t o  f l u o r i n e  and the interhalogen gases  a t  pressures  
i n  excess of one atmosphere [ 8 ] .  
Gross q u a n t i t i e s  of organic  contaminants (which usua l ly  are found i n  
systems because of care lessness)  are not  e a s i l y  f luo r ina t ed  and converted 
i n t o  v o l a t i l e  compounds which can be removed by purging or evacuation; 
moreover, the  products of p a r t i a l  f l uo r ina t ion  may be impact s ens i t i ve .  
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I n  a series of experiments seeking t o  probe the s e v e r i t y  of the  presence 
of l a rge  amounts of organic  res idua ,  from 1 t o  60 mill igrams of hexadecane 
were spread over 1-in2 a reas  on the  sur faces  of metals and t r e a t e d  w i t h  
1 t o  5 atmospheres of f luo r ine  or chlor ine  t r i f l u o r i d e  [19]. 
t h a t  hexadecane w a s  not e n t i r e l y  removed by f l u o r i n e  and t h a t  f i ne ly -  
divided carbon o f t e n  remained; r eac t ion  w i t h  ch lor ine  t r i f l u o r i d e  l e f t  
an o i l y  depos i t  of f luorocarbon ( in f r a red  ana lys i s ) .  
petroleum j e l l y ,  Kel-F 90 grease ,  and Pydraul AC hydraul ic  f l u i d  were 
t r e a t e d  w i t h  ei ther 50 ps ig  f l u o r i n e  or 15 ps i a  ch lor ine  t r i f l u o r i d e  f o r  
one hour a t  7'F [Q]. The r e s u l t s  of these  experiments conclusively 
demonstrated t h a t  r e l a t i v e l y  l a rge  q u a n t i t i e s  of contaminants do not  
disappear a s  v o l a t i l e  f l uo r ides ,+*  and t h a t  l i qu ids  may become semi-solid 
and s l o w l y  r eac t ive .  The  carbonaceous res idues  which remained w e r e  found 
t o  be impact s e n s i t i v e  when i n  contact  w i t h  l i q u i d  f luo r ine  (modified 
ABMA tester);  f inely-divided carbon is  ign i t ed  on contac t  w i t h  f l uo r ine .  
I t  w a s  found 
About 50 mg/in2 of 
I n  view of the  chemical r e a c t i v i t y  of t he  f luo r ine  oxid izers  and the  
p o s s i b i l i t y  t h a t  s m a l l  amounts of organic  matter and r eac t ive  sca l e  or 
s l a g s  from welding operat ions may lead t o  des t ruc t ion  of metal systems 
by f i r e  or explosion, i t  has become general  p rac t i ce  t o  pre- t rea t  assembled 
sys t ems  t o  remove r e a c t i v e  substances and t o  deac t iva te  their  s e n s i t i v e  
sur faces  before the s y s t e m s  are considered sa fe .  A l l  pre-treatment pro- 
cedures described i n  the pas t  involve the  same genera l  s teps :  
(1) Removal of s c a l e ,  bu r r s ,  and v i s i b l e  contaminants by a t t r i -  
(2)  Thorough drying. 
(3) 
t i o n  or scrubbing with de te rgents  or solvents .  
Exposure t o  f luo r ine  or f l u o r i n e  oxid izers  under condi t ions 
designed t o  l i m i t  r a t e s  of r eac t ion  so t h a t  de f l ag ra t ion  
does not  take place.  
'' The use of a system f o r  de t ec t ing  HF ( a n  ind ica t ion  of t h e  continuing 
a t t ack  of hydrocarbons by f luo r ine  or i t s  ox id ize r s )  has been suggested 
a s  a method of following the  progress of deac t iva t ion ;  i n  view of t he  
incomplete r eac t ion  of contaminants w i t h  f l u o r i n e  or  i t s  ox id ize r s ,  i t  
i s  evident  t h a t  HF de tec t ion  can not  be used t o  furn ish  r e l i a b l e  
evidence, 
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Natura l ly ,  i n  contact  with f luo r ine  spec ies ,  t he  metal sur faces  become 
covered with a f l u o r i d e  f i lm which sharply l i m i t s  f u r t h e r  r eac t ion ,  and 
so t h i s  s t e p  of the  pre-treatment procedure has been called "passivation. 
Without a doubt, a s  i s  documented i n  Sect ion V ,  the  f luo r ide  f i lm estab- 
l i s h e s  an impediment t o  f u r t h e r  a t t a c k  of metal sur faces  and f o r  t h i s  
reason i t  can be c o r r e c t l y  c a l l e d  an i n h i b i t i n g  or pass iva t ing  l aye r ,  
but i t  i s  t o  be noted t h a t  the  formation of the  f luo r ide  f i lm  on the  
g rea t e r  p a r t  of t he  sur faces  of a metal s y s t e m  is  inc iden ta l  t o  the pre- 
treatment process--the primary i n t e n t  of the pre-treatment i s  t o  ensure 
t h a t  inaccess ib le  a reas ,  inso luble  substances,  sharp edges, or crevices  
which r e s i s t e d  cleaning treatments a r e  brought i n t o  contac t  w i t h  ox id izer  
i n  a con t ro l l ab le  fashion and made t o  react q u i e t l y .  
A l l  ava i l ab le  evidence ind ica t e s  t h a t  the f i l m s  produced by caut ious 
treatment of metal surfaces  w i t h  f l uo r ine  or any of the  f l u o r i n e  oxidants  
a re  i d e n t i c a l  w i t h  those produced when metals a r e  brought i n t o  contac t  
w i t h  these  oxidants under a v a r i e t y  of o ther  condi t ions;  i n  f a c t  (see 
Sect ion V ) ,  the chemical s t r u c t u r e  of t he  f l u o r i d e  f i lm i s  e s s e n t i a l l y  
the  same regard less  of which f luo r ine  spec ies  was used t o  produce i t  ( a t  
low temperatures).  
I t  appears appropr ia te ,  t he re fo re ,  t o  r e f e r  t o  pre-treatment proc- 
esses a s  "conditioning" processes which cons i s t  o f ,  a c t u a l l y ,  the  follow- 
ing s t eps :  
(1) Descaling, cleaning, degreasing, and drying. 
(2 )  Deactivation w i t h  a f l u o r i n e  oxid izer .  
Although the  deac t iva t ion  s t e p  i n  p r inc ip l e  i s  superfluous and can be 
omitted whenever metal sur faces  are assured of immaculate c l ean l ines s  
c15, 19, 291, i t  i s  recommended t h a t  conditioning pre-treatments be used 
on complex systems which c h a r a c t e r i s t i c a l l y  include tor tuous passages,  
c l o s e - f i t t i n g  junc tures ,  and the  inev i t ab le  short-comings of unski l led  
or t echnica l ly  ind igent  labor .  
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The f i l m s  covering the sur faces  of metals deact ivated by f l u o r i n e  
or f luo r ine  oxid izers  appear t o  be s e n s i t i v e  t o  moisture;  t h e i r  i n t e g r i t y  
i s  destroyed by w a t e r  vapor (moist gases ) ,  and they may be s u b s t a n t i a l l y  
removed by contact  with l i q u i d  water. However, most f i lms are e i t h e r  
repa i red  or replaced when contact  with f luo r ine  or a f l u o r i n e  oxidant 
i s  resumed (gaseous or l i q u i d  phase) ,  and it has been found t h a t  the 
rate of formation of a f luo r ide  f i l m  on a metal is  for  a l l  p r a c t i c a l  
purposes independent of whether t h e  a c t i o n  takes p lace  on a clean metal 
surface or on a sur face  with a damaged f i l m .  Since t h e  f l u o r i d e  f i lm on 
metal sur faces  is  at most of t he  order  of 100 A, regenerat ion of damaged 
f i lms  may lead t o  a near ly  imperceptible production of p a r t i c u l a t e  sub- 
s tances ;  copper, on t h e  o the r  hand, forms th i ck ,  regenerated f i lms  which 
have a tendency t o  slough off  r e l a t i v e l y  l a rge  amounts of corrosion 
product. 
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A s  a r e s u l t ,  a system which has been deac t iva ted  by contac t  w i t h  
f l uo r ine  or f l u o r i n e  oxid izers  preferably should not  be exposed t o  water 
i n  any form so a s  t o  minimize production of sludges of corrosion products. 
Note t h a t  there  i s  concern t h a t  the  in t roduct ion  of moisture may have 
been concurrent with the  in t roduct ion  of o ther  r eac t ive  ma te r i a l s  as w e l l  
as the  p o s s i b i l i t y  of formation of small amounts of sludge, but not  that  
the  metals of cons t ruc t ion  w i l l  be unduly corroded i n  serv ice  because of 
l o s s  of “passivat ion;  I ‘  pass iv i ty  w i l l  be rap id ly  re-establ ished when the 
metals are again brought i n t o  contact  w i t h  f l u o r i n e  or f luo r ine  oxid izers  
(see Sect ion v ) .  
The remainder of t h i s  Sect ion and Table 1 provide a summary of pro- 
cedures f o r  conditioning metal sur faces  and systems t o  be used wi th  
f luo r ine  oxid izers .  The p r inc ip l e s  of the  procedures appear sound except 
f o r  one or two d e t a i l s .  
A number of t he  procedures prescr ibe  the  use of vacuum f o r  removal 
of water and so lvent  vapors; o the r s  prescr ibe  the  use of a purging gas ,  
such as helium or ni t rogen .  Unfortunately,  some propel lan t  tanks cannot 
withstand vacuum and so the re  has  been genera l  tendency f o r  the  use of 
a purging gas ;  t h i s  may lead t o  d i f f i c u l t i e s  s ince  many systems are 
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simply incapable of being adequately f lushed  wi th  a slow stream of purging 
gas. It i s  recommended t h a t  hea t  and a purging gas  be used over a s u f f i -  
c i e n t l y  long period of t i m e  t o  permit t he  d i f f u s i o n  of so lvent  vapors 
from remote c rev ices  i n t o  the  main stream of purging gas. 
I t  i s  t o  be noted t h a t  s i l i c o n e  greases  and o i l s  are r e l a t i v e l y  
in so lub le  i n  most hydrocarbon or halogenated solvents ;  they cannot be 
removed by ordinary degreasing processes. Preferab ly ,  t he  use of such 
materials should be avoided i n  t h e  manufacture of systems. 
Although the  p r a c t i c e  of s t o r i n g  cleaned components i n  polyethylene 
bags i s  wide-spread i n  the  aerospace indus t ry  and appears t o  present 
no major problems of contamination, i t  has been shown a t  SRI t h a t  metal 
specimens s t o r e d  only f o r  a day or so i n  polyethylene bags are covered 
with s u f f i c i e n t  d ioc ty lph tha la t e  (polyethylene p l a s t i c i z e r )  t o  be de tec t -  
ab le  by mass spectroscopy. I n  view of t he  r e a c t i v i t y  of f l u o r i n e  and 
f l u o r i n e  ox id ize r s  wi th  organic compositions, i t  appears expedient simply 
t o  avoid t h i s  source of contamination. Cleaned components can be pack- 
aged i n  degreased g l a s s  ves se l s  (aluminum cap- l iners )  or bags l i n e d  with 
aluminum f o i l  ( c l ean ) ;  aluminum f o i l  may be used t o  p r o t e c t  cleaned 
components--provided it a l s o  i s  cleaned, s i n c e  most f o i l s  are coated 
d e l i b e r a t e l y  (or i nadve r t en t ly )  with organic f i lms.  
SYSTEM DESCALING AND CW:ANING 
P r i o r  t o  assembly of sys t ems  f o r  handling or s t o r i n g  f l u o r i n e  oxi- 
d i z e r s ,  component p a r t s  must be cleaned of sur face  d i r t ,  grease,  s c a l e ,  
and imbedded fo re ign  material. A review of t h e  procedures used i n  the  
aerospace indus t ry  f o r  cleaning metal components [l] shows t h a t  t he  same 
genera l  s t e p s  are used: 
(1) Disassembly of components; 
(2)  Removal of scale, bu r r s ,  and sur face  contaminants by 
scrubbing, po l i sh ing ,  or degreasing i n  halocarbon so lven t s ;  
(3) Immersion i n  cleaning de te rgen t ,  washing, and r i n s i n g  wi th  
clear water; 
(4)  F ina l  r i n s ing  wi th  de-ionized water and drying i n  a 
vacuum oven. 
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I f  the  components have reasonably clean sur faces ,  t h a t  is ,  only traces of 
oxide f i lms ,  they may be dipped i n  a ba th  containing l0-25$ n i t r i c  ac id  
( shor t  exposures f o r  brass and copper) ,  then washed thoroughly with de- 
ionized water and d r i ed  i n  a vacuum oven 6101. 
The cleaned components are handled ca re fu l ly  t o  avoid f inge r  marks 
or o the r  contamination and are s tored  i n  sealed containers  u n t i l  assembly. 
TYPICAL CONDITIONING TREATMNTS FOR OXYGEN DIFLUORIDE (OF2) 
Storage tanks f o r  OF may be constructed from common metals such a s  
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s t a i n l e s s  steel, copper, aluminum, Monel, and n i cke l ,  and w i l l  be service-  
ab le  from cryogenic temperatures t o  temperatures as  high a s  2OO0C [3]. 
Deactivation 
A f t e r  the  thorough cleaning and assembly of component p a r t s ,  the 
sys t em i s  f lushed w i t h  a drying so lvent ,  such as carbon t e t r ach lo r ide ,  
t r ich loroe thylene ,  or acetone and then purged thoroughly with 9 ni t rogen  
gas. This i s  followed by s t rong evacuation i n  order  t o  assure  the  complete 
removal of so lvents  and moisture.  
Nitrogen i s  introduced i n t o  the  system a t  working pressure t o  permit 
leak t e s t i n g ;  the  pressure i s  released.  The oxygen d i f l u o r i d e  is  admitted 
t o  the  system and vented out  through a s u i t a b l e  d isposa l  system. When a 
s t rong r eac t ion  of OF with ammonia vapor a t  the e x i t  vent i s  noted, the 
system i s  considered t o  be ready f o r  use.  I f  the  working pressure i s  t o  
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be g rea t e r  than atmospheric, i t  i s  suggested t h a t  OF2 be appl ied up t o  
the  working pressure i n  order  t o  assure  system compat ib i l i ty  [3]. The 
OF is purged with dry n i t rogen  and the  system i s  sea led  a t  0.5 ps ig  u n t i l  
ready f o r  se rv ice .  
2 
TYPICAL CONDITIONING TREATMENTS FOR FLOX (Fluorine-Oxygen) 
The metals found t o  be s a t i s f a c t o r y  f o r  s torage  vesse ls  f o r  f l uo r ine  
[lo] a r e  apparently equal ly  use fu l  f o r  FLOX [4, 261 and include s t a i n l e s s  
steels, aluminum a l l o y s ,  and Monel. Copper or brass  may be used f o r  l i n e s ,  
f i t t i n g s ,  and f langes  [lo]. 
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Deact ivat ion 
Subsequent t o  absolu te ly  thorough cleaning of component p a r t s  and t o  
t h e i r  assembly, t he  system i s  f lushed  with t r i ch lo re thy lene  or t r i ch lo ro -  
t r i f l uo roe thy lene ,  followed by a s t rong evacuation to  remove a l l  traces 
of so lvents .  I t  i s  suggested t h a t  prolonged contac t  of so lvents  wi th  the  
polymeric materials used f o r  gaske ts ,  etc. be avoided [25]. 
After  evacuation, dry n i t rogen  i n  introduced t o  scavenge r e s idua l  
moisture and so lvents ,  and the  system i s  again evacuated. Then FLOX, pure 
f luo r ine  gas ,  or fluorine-helium mixtures are introduced i n t o  the  system 
t o  a s l i g h t  pos i t i ve  pressure which i s  held f o r  a few minutes. The 
" f luor ine"  pressure i s  r a i sed  gradual ly ,  i n  increments, t o  50 ps ig  and 
maintained the re  f o r  30 minutes a t  room temperature (longer a t  l o w  t e m -  
pera tures ) .  Then the  pressure i s  re leased  and the  system i s  maintained 
a t  a s l i g h t  pos i t i ve  pressure of FLOX, f luo r ine ,  or helium t o  prevent 
inward leaks [25]. 
A s y s t e m  that  cannot be evacuated i s  purged with dry  n i t rogen  or 
helium (dew point  less than -100'F) u n t i l  i t  i s  free of a i r  and moisture.  
Gaseous f l u o r i n e  is  admitted t o  d isp lace  most of the  n i t rogen ,  then the  
vent i s  closed and system operat ing pressure i s  r a i sed  slowly, i n  incre-  
ments, t o  50 ps ig  and maintained there f o r  30 minutes. The system i s  
l e f t  with a s l i g h t  pos i t i ve  pressure of f luo r ine  or helium as above [25]. 
TYPICAL CONDITIONING TREATMENTS FOR CHLORINE TRIFLUORIDE (CTF, C1F3) 
The metals recommended f o r  CTF s torage  a r e  Monel, n i cke l ,  s t a i n l e s s  
steel, and aluminum [2]; copper, brass, and steel are a l s o  mentioned as 
s u i  t ab l e .  
Deactivation 
Af te r  a l l  components a r e  thoroughly cleaned, t he  system i s  assembled 
and f lushed with a solvent  such as carbon t e t r a c h l o r i d e ,  acetone, or tri- 
chlorethylene.  Then i t  i s  purged thoroughly with dry ni t rogen gas and a 
CTF supply cyl inder  i s  connected. The e x i t  vent i s  opened t o  the  atmos- 
phere,  and ni t rogen i n  the  system i s  displaced by a gen t l e  stream of CTF. 
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The flow of CTF i s  continued a t  about 1 a t m  pressure u n t i l  a piece of d r y  
f i l t e r  paper or co t ton  c l o t h  held a t  the  e x i t  vent (with long metal for-  
ceps) begins t o  burn. 
i s  increased t o  f u l l  cyl inder  pressure  and maintained f o r  about 15 minutes 
a t  room temperature. 
The e x i t  valve i s  closed; CTF pressure i n  t h e  system 
I f  f l u o r i n e  i s  used f o r  pass iva t ion ,  pressure i s  gradual ly  increased 
i n  25-psig increments t o  about 350 psig.  I n  t h i s  ins tance ,  pressure i s  
maintained f o r  12 hours. I n  e i t h e r  case (CTF or FZ) ,  system temperature 
may a l s o  be increased t o  working temperature. Af te r  p re s su r i za t ion ,  the  
system i s  vented and sealed (with the  CTF cyl inder  i n  place)  a t  atmos- 
pher ic  pressure  [2]. 
Al te rna t ive ly  [lo], t h e  s y s t e m  i s  evacuated a f t e r  solvent  f lush ing  
f o r  a t  least one hour t o  remove t r a c e s  of so lvents  and moisture. Then 
CTF or f l u o r i n e  i s  introduced a t  about 15 psig f o r  5 minutes and then 
r a i sed  t o  the  vapor pressure of CTF (about 25 ps ig)  o r  t o  50 ps ig  f o r  F . 
2 
RECOMMENDED METAL CONDITIONING TREATMENT FOR USE WITH FLUORINE OXIDIZERS 
A s  i s  evident  from the  d a t a  summarized i n  Table 1, a va r i e ty  of de- 
a c t i v a t i o n  procedures have been employed, but the  exact  detai ls  of the  
procedures are of l i t t l e  concern because the i n t e n t  i s  t o  deac t iva t e  
s e n s i t i v e  areas and t o  remove v e s t i g i a l  q u a n t i t i e s  of r e a c t i v e  materials 
by an i n i t i a l  exposure t o  r e a c t i v e  gas. Accordingly, i t  i s  poss ib le  t o  
choose the  bes t  f ea tu re s  of the  metal conditioning treatments used thus 
f a r  t o  e s t a b l i s h  a recommended procedure, 
Recommended Procedure 
(1) Disassemble the  system i n t o  i t s  ind iv idua l  components. 
(2) Remove scale, bur rs ,  and o the r  v i s i b l e  sur face  contaminants 
by pol ishing o r  scrubbing, taking i n t o  account the na ture  
of the  metallic substances and the  f i n i s h  of the  sur faces .  
Whenever poss ib le ,  ac id  p ick l ing  should be used. 
Thoroughly dry and then degrease the  components i n  a vapor 
degreaser o r  i n  successive r i n s e s  of c lean  solvent .  
( 3 )  
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Clean the  components with detergent  and water; when the  
water break i s  clean (check f o r  presence of grease  or 
s i l i c o n e  l u b r i c a n t ) ,  r i n s e  the  components thoroughly 
i n  de-ionized water. 
Dry the  components i n  warm a i r ;  f i n i s h  the  drying i n  a 
vacuum oven. 
Assemble the  components as the  f in i shed  system; do not 
use fluorocarbon greases  or lubr icants .  
I f  the  f i n a l  system must be welded, achieve attachment by 
e l ec t ron  beam welding; a l t e r n a t i v e l y ,  weld i n  an atmosphere 
of i n e r t  gases  ( t o  reduce s c a l e  and res idues ,  use no f l u x ,  
i f  poss ib le ) .  I f  f l u x  must be used, c lean the system with 
de te rgent  and water; allow long soaking periods f o r  f l u x  
removal; dry thoroughly. 
Purge the  s y s t e m  with dry ni t rogen gas ;  i f  water may have 
entered the  system, perform the  purging over a prolonged 
period of time a t  a system temperature of 125OC. 
Cool, then d isp lace  the  i n e r t  gas i n  the sys t em with any 
of the  f l u o r i n e  oxid izers  or gaseous f l u o r i n e  i t s e l f .  
(The ma te r i a l s  of cons t ruc t ion  must be compatible with 
f l u o r i n e  or the  f luo r ine  ox id ize r . )  
f o r  r ichness  of ox id izer  with a c l o t h  or other  combustible 
substance; a chemical test may be more appropriate .  
When a pos i t i ve  t e s t  f o r  the  oxidizer  i s  obtained,  s e a l  
the  vent and continue p res su r i za t ion  with the  oxid izer  t o  
a t  l e a s t  25 ps ig  and f o r  a t o t a l  of not less than two 
hours . 
Release excess pressure ,  capping the  vent a t  about 0 .5  
t o  1 ps ig .  
Check the  e f f l u e n t  
15 
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I V .  REVIEW OF COMPATIBILITY STUDIES 
OF METALS WITH FLUORINE OXIDIZERS 
There have been no comprehensive s t u d i e s  of the  compa t ib i l i t i e s  of 
metals with oxygen d i f l u o r i d e ,  FLOX, and ch lor ine  t r i f l u o r i d e ;  only 
s c a t t e r e d  d a t a  are a v a i l a b l e  f o r  s t r e s s e d  and uns t ressed  metall ic speci-  
mens. Corrosion ra te  d a t a  are derived from t h e  r e s u l t s  of d i s t r e s s i n g l y  
short-term s to rage  periods of a few hours t o  a few hundred hours. I n  
gene ra l ,  very low cor ros ion  rates are repor ted  f o r  t h e  metals which have 
been s e l e c t e d  by preliminary checks f o r  r e a c t i v i t y  or shock s e n s i t i v i t y ;  
i n  f a c t ,  experimental evidence suggests t h a t  cor ros ion  e s s e n t i a l l y  ceases 
a f t e r  about one month. Neither stress cor ros ion  nor s i g n i f i c a n t  d i f f e r -  
ences i n  t e n s i l e  p rope r t i e s  were observed f o r  specimens s t o r e d  under 
stress i n  the  various ox id ize r s .  There are s c a t t e r e d  r e p o r t s  where 
workers have t r i e d  t o  determine the  corrosion rates of metals coated 
with p ropr i e t a ry  substances. These kinds of s y s t e m s  are not  considered 
p r a c t i c a l  f o r  two reasons: 
i n t r i c a t e  shapes and, more importantly,  (2) The lack  of t he  se l f -hea l ing  
c h a r a c t e r i s t i c s  which make the  f l u o r i d e  f i lms  so valuable (see Section V ) .  
(1) The d i f f i c u l t y  of r e l i a b l e  coverage of 
OXYGEN DIFLUORIDE (OF2) 
Dawson, Lum and Schreib [12] s e l e c t e d  metals f o r  compat ib i l i ty  s t u d i e s  
with OF on the  b a s i s  of high s t r e n g t h  and s u i t a b i l i t y  a t  cryogenic t e m -  
pera tures :  s teel  a l l o y s ,  aluminum a l l o y s ,  n i cke l  a l l o y s ,  t i tanium a l l o y ,  
and copper. The specimens (1/4" x 1-3/4") were thoroughly cleaned, de- 
greased, and then sea l ed  i n  g l a s s  ampoules ( f i t t e d  with metal Bourdon 
gages) ;  a pressure  of 0.5 a t m  OF 
l i q u i d  OF2 f o r  liquid-phase tests. 
temperature and a t  -196'C, no pressure  changes w e r e  de tec ted .  
termination of t he  tests,  most of t he  specimens were found t o  be coated 
2 
w a s  used f o r  gas-phase tests and 1 cc 2 
During 2-week exposures a t  room 
A t  t he  
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with what w a s  assumed t o  be a f l u o r i d e  f i lm;  p i t t i n g  was observed on some 
specimens s tored  i n  the  l i qu id  phase, but not on specimens s tored  i n  the  
gaseous phase. The weight changes shown i n  Table 2 w e r e  considered in- 
s i g n i f i c a n t  by the  authors ,  and i t  w a s  therefore  concluded t h a t  the  
mater ia l s  were compatible with OF The authors  a l s o  conducted impact 2' 
tests on t i tanium 5A1-2.5Sn a l l o y  (based on a system for LOX compat ib i l i ty  
developed a t  NASA/Lewis); i t  was found t h a t  the  a l l o y  did not  propagate 
combustion i n  contact  with LOF when impacted and penetrated by a nylon 
b a l l  a t  a ve loc i ty  of 5770 f t / s ec .  
2 
Bleich and Hertz [4] s e l ec t ed  type 301 s t a i n l e s s  steel and K-Monel 
fo r  tensi le  specimens (under stress) of butt-welded metals or res i s tance-  
spotwelded metals ,  
f luorine-passivated type 321 s t a i n l e s s  s t e e l  conta iners  f o r  200 hours. 
The specimens were immersed i n  OF a t  -196'C i n  2 
They concluded t h a t  these  metals are compatible with OF primari ly  on 
the  b a s i s  of t e n s i l e  da t a ;  there  was only minor metallographic evidence 
of corrosion,  and losses  i n  s t r eng th  a t  welded j o i n t s  were a t t r i b u t e d  t o  
inadequate preparat ion of specimens. 
2' 
Tiner ,  English,  and Toy [27] inves t iga ted  the  compat ib i l i ty  of s t a in -  
l e s s  steels, aluminum a l l o y s ,  n i cke l  a l l o y s ,  t i tanium a l l o y s ,  and other  
metals with OF2. Their  p r e l i m i n a r y  work with impact  t e s t s  (ABM) indi -  
cated t h a t  s t a i n l e s s  steels, aluminum, n i cke l ,  and copper a l l o y s  do not  
exh ib i t  s e n s i t i v i t y  with LOF when tests a re  conducted under moisture- 
f r e e  condi t ions;  t i tanium A110-AT and 6A1-4V exhib i ted  f a i n t  s e n s i t i v i t y .  
( I ce  and OF 
2 
mixtures can be detonated by impact.) 2 
A series of preliminary immersion tests i n  OF were conducted f o r  
2 
1-day and 21-day periods a t  -110'F; metal samples (LOX-clean) were s tored  
a s  t e n s i l e  specimens i n  type 316 s t a i n l e s s  s t e e l  bombs (severa l  i n  each 
bomb according t o  a l loy  c l a s s ) .  
specimens (welded and unwelded) ind ica ted  t h a t  immersion i n  OF 
for 21 days does not  lead t o  t h e i r  de t e r io ra t ion .  Preliminary corrosion 
da ta  were a l s o  obtained from these  s torage  tests. 
The t e n s i l e  proper t ies  of a few se l ec t ed  
a t  -110'F 2 
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On the  bas i s  of the  r e s u l t s  of impact t e s t i n g ,  the  preliminary 
corrosion d a t a ,  and t e n s i l e  proper t ies  a f t e r  the immersion tests,  seve ra l  
metals were excluded from f u r t h e r  t e s t i n g :  
(1) 
(2) 
S t a i n l e s s  steel. type 410 because of low-temperature 
embrittlement. 
Titanium a l l o y  A-11OT and 6A1-4V, magnesium a l l o y  HM-21-A, 
and tantalum, because of light-to-extreme s e n s i t i v i t y  i n  
the  ABMA cup tests with OF 
H343, AI, 7075-T6, and columbium-A). 
2 '  
(3) Excessive corrosion rates (apparently A 1  2024-T3, A 1  5456- 
The data of Tiner ,  English,  and Toy [ 2 7 ]  f o r  the corrosion rates of 
metals i n  OF2 (gas and l i qu id  phases) are summarized i n  Tables 3 and 4. 
Apparently, passive f i l m s  a r e  e s t ab l i shed  l a rge ly  during the f i r s t  f e w  
months of exposure a t  -110'F a s  suggested by high corrosion r a t e s  i n  the 
e a r l y  phases of the t e s t s ;  a l l  of the  materials examined appear t o  have 
exce l l en t  r e s i s t ance  t o  corrosion.  I t  i s  possible  that  corrosion essen- 
t i a l l y  ceases a f t e r  the i n i t i a l  formation of a f l u o r i d e  pass iva t ing  l a y e r  
(e .g . ,  a f t e r  one month). 
I n  the  preliminary experiments, i t  w a s  suspected t h a t  water contami- 
nat ion i n  the  OF systems caused the  formation of HF and l ed  t o  spot t ing .  
A series of 1-day immersion tests i n  OF 
[27]. 
temperature p r i o r  t o  the  in t roduct ion  of OF but s ince  the  authors  found 
ice c r y s t a l s  on the  l i d s  and sides of the  bombs a t  t h e  conclusion of the  
tests, only a s m a l l  f r a c t i o n  of the added water had reacted with OF 
Thus, the  da t a  i n  Table 5 (corrosion rates i n  OF 
water has l i t t l e  e f f e c t  on the  1-day corrosion rate, except f o r  i s o l a t e d  
ins tances  (cf. Table 3 ) .  
r a t e  f o r  t i tanium 6A1-4V appears t o  be q u i t e  low, but the a l l o y  A110-AT-A 
appears t o  be excessively corroded. However, the  nonequilibrium state 
ex i s t ing  i n  the  test  bombs ( i c e  mixed w i t h  OF2) prevents the drawing of 
firm conclusions.  Addit ional ly ,  the  reported da ta  on the  appearance of 
specimens i n  Table 4 have obvious discrepancies  (e.g. ,  p i t t i n g  i n  20 days 
vs no change i n  12 months); it must be concluded, therefore ,  t h a t  the 
11 
2 
containing 1% water" w a s  made 2 
2 Water was added t o  the  sample conta iners  and then frozen a t  LN 
2 '  
2' 
wi th  HZO) i nd ica t e  t h a t  2 
I t  i s  of i n t e r e s t  t o  note t h a t  the  corrosion 
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s torage  tests were not conducted uniformly, t h a t  the OF w a s  not of uni- 
form pur i ty  i n  the bombs, or t h a t  the systems were not moisture-free or 
absolu te ly  clean.  
many problems, and t h a t  reproducible loading of bombs is  p a r t i c u l a r l y  
d i f f i c u l t . )  I n  s p i t e  of d i screpancies ,  the 12-month corrosion data of 
Tiner ,  English,  and Toy i n  Table 3 and the appearance of t he  specimens 
(Table 4) i n d i c a t e  t h a t  m o s t  metals can be considered t o  be compatible 
w i t h  OF2; t h e  t h i n  f i l m s  of r e s i s t i v e  f luo r ides  which appear t o  be formed 
l i m i t  corrosion rates t o  very low values.  
2 
(It i s  recognized t h a t  t he  handling of OF2 presents  
FLOX (Fluorine-Oxygen) 
Compatibil i ty tests w i t h  l i q u i d  FLOX-40 (40% f luorine-60$ oxygen) 
of metals s t r e s s e d  t o  80$ of their  room-temperature y i e l d  s t r eng th  were 
conducted by Spicer [26]. The specimens, including s t a i n l e s s  steels, 
aluminum a l l o y s ,  Inconel and Monel, were cleaned i n  Alconox, r insed  w i t h  
d i s t i l l e d  water, and d r i ed  with acetone. Then the specimens, s torage  
conta iners ,  and s t r e s s  f i x t u r e s  were vapor degreased w i t h  t r i ch lore thylene ;  
henceforth,  a l l  components were handled only by gloved (polyethylene) 
hands. The specimens were placed under r e s t r a ined  bends i n  simple double- 
L-shaped f i x t u r e s  designed t o  accommodate 1-3 specimens each; 7 or 8 
f i x t u r e s  were located i n  each s torage  container  made of 316 s t a i n l e s s  
s t e e l .  The f i x t u r e s  were f ab r i ca t ed  from 4340, 347, and 304 s t a i n l e s s  
steels or 2014-T6 aluminum a l loy .  N o  evidence of galvanic  r eac t ion  w a s  
noted a f t e r  s torage  t e s t s ;  a l l  combinations of t e s t  metals and f i x t u r e s  
were used. 
The loaded conta iners  were leak-checked w i t h  gaseous n i t rogen  a t  
200 psig and then vacuum-checked f o r  30 minutes, using a mercury manom- 
eter t o  ind ica t e  leakage. The conta iners  and samples were passivated 
by r e l eas ing  the vacuum with pre-mixed FLOX-40 and maintaining a pressure 
of 15 p s i a  f o r  15 minutes. 
pera ture  and FLOX-40 w a s  d i s t i l l e d  i n t o  them u n t i l  the specimens were 
immersed; f i n a l l y ,  container  pressures  were adjusted a t  50-87 psig ( a t  
LN temperature) with helium. The s torage  tests i n  FLOX-40 were conducted 
f o r  per iods of 16 t o  19 hours a t  -196OC. 
Then the  containers  were cooled t o  LN2 t e m -  
2 
Bomb pressures  increased during 
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s torage  (75 t o  125 ps ig ) ;  the  pressure increases  w e r e  a t t r i b u t e d  t o  par- 
t i a l  evaporation of the  LN2 baths.  
specimens were noted and weight changes (Table 6) were less than 0.1 mg/in . 
(Similar treatments and exposures of specimens t o  l i q u i d  f l u o r i n e  r e su l t ed  
i n  weight changes of the  same order  of magnitude.) 
r e s u l t s  of short-term tests cannot be used r e l i a b l y  f o r  es t imat ing  long- 
No changes i n  appearance of sample 
2 
Unfortunately,  the  
t e r m  compat ibi l i ty;  however, they a r e  of value f o r  screening metals f o r  
longer-term s torage  t e s t s .  
Bleich and Hertz [4]  have s to red  a t  -196OC welded and s t r e s sed  301 
s t a i n l e s s  steel  and K-monel i n  FLOX-20, welded and s t r e s s e d  321 s t a i n l e s s  
steel and Nickel-A i n  FLOX-30, and s t r e s sed  6061-T6 aluminum i n  FLOX-30; 
the  stress f i x t u r e s  used i n  the  200-hour tests were of simple double-L 
design. No mention i s  made of sample or container  cleaning procedures, 
but i t  i s  noted t h a t  samples and containers  (321 s ta in less  s t e e l )  were 
passivated with f l u o r i n e  p r io r  t o  the  t e s t s .  There was no apparent 
d i f fe rence  i n  the  mechanical p rope r t i e s  of s t r e s s e d  or unstressed speci-  
mens and specimens not  exposed t o  the  oxid izers .  N o  metallographic 
evidence of corrosion was observed. The meager da ta  suggest t h a t  f l uo r ine  
and FLOX have the  same ac t ion  on metals ,  and t h a t  deac t iva t ion  of metal 
sur faces  can be accomplished e i t h e r  by FLOX or by f luo r ine .  
CHLORINE TRIFLUORIDE (CTF, C1F3) 
Grigger and Miller [15] inves t iga ted  the compat ib i l i ty  of a number 
of metals and a l l o y s  i n  l i qu id  and gaseous CTF a t  3OoC. 
t e s t s  were conducted with metals and a l l o y s  f o r  which there  w a s  l i t t l e  
or no background information on r e a c t i v i t y  with CTF. Clean specimens 
were placed i n  a Kel-F t r a p  at tached t o  a vacuum system and cooled t o  
-78' or -196OC; enough CTF w a s  d i s t i l l e d  i n t o  the  t r a p s  t o  cover the  
specimens. 
the  metals were found t o  be unreact ive with CTF, but  the  following 
se lec ted  r e s u l t s  are p a r t i c u l a r l y  i n t e r e s t i n g  and informative: 
Preliminary 
Then the  t r aps  were sealed off and warmed t o  30'C. Most of 
Columbium Violent incendiary r eac t ion  
a t  -78'C. 
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Titanium, Ti-100A Vigorous r eac t ion  below 25OC 
u n t i l  T i  dissolved; normal v.p. 
f o r  CTF a t  end of reac t ion .  
Titanium, pure Same as Ti-100A 
Titanium C-120AV-Ti Same as Ti-100A, but 2 hours 
required f o r  so lu t ion ;  normal 
v.p. f o r  CTF a t  end of reac t ion .  
Titanium A-11OAT-Ti Same as Ti-100A, but 2 hours 
required f o r  so lu t ion ;  f i n a l  
system pressure a t  60 ps ig ;  I R  
absorbance curve ind ica t e s  metal 
hexafluorides .  
Alloys of aluminum, copper, n i cke l ,  and s t a i n l e s s  steels were 
se l ec t ed  f o r  corrosion tests i n  l i q u i d  CTF [15]. Unstressed specimens 
were cleaned and placed (8 each) i n  steel conta iners  with blow-out dia- 
phragms. The containers  were evacuated, loaded w i t h  CTF t o  immerse the  
specimens, sea led ,  and maintained for 21 days a t  3OoC. As the  data 
summarized i n  Table 7 i n d i c a t e ,  a l l  corrosion rates are extremely low 
(< 0.2 m i l / y r ) ;  the  authors  note  t h a t  extension of 21-day rates t o  year ly  
rates i s  only within an accuracy of 0.1-0.2 m i l / y r .  
were determined from the  d i f fe rences  i n  weights of specimens ( i n i t i a l  
minus f i n a l  weight after removal of corrosion products) , s ince  computa- 
t i ons  based on weight ga in  would requi re  pos i t i ve  i d e n t i f i c a t i o n  of a l l  
corrosion products and assurance t h a t  products have not  dissolved away, 
f a l l e n  o f f ,  or been lost  i n  t r ans fe r .  
The corrosion rates 
Corrosion rates i n  gaseous CTF w e r e  determined i n  a separa te  series 
of tests. Containers w i t h  c lean,  unstressed specimens were evacuated 
and loaded t o  5 psig with anhydrous CTF and maintained f o r  21 days a t  
3OoC. 
move any gaseous products and t o  maintain CTF pressure.  The values 
given i n  Table 7 show tha t  corrosion r a t e s  i n  gaseous or l i q u i d  CTF are 
The containers  were evacuated and r e - f i l l e d  every 5 days t o  re- 
e s s e n t i a l l y  the  same and seldom more than 0.2 mpy. 
S t ressed  specimens (U-bends secured with b o l t s )  were a l s o  s to red  i n  
l i q u i d  CTF f o r  21  days a t  3OoC. 
be ascer ta ined  by a dye penetrant  or by v i s u a l  inspect ion.  I n  a separa te  
N o  evidence of stress corrosion could 
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s e r i e s  of tests, i t  w a s  determined t h a t  the  metals l i s t e d  i n  Table 7 a r e  
not i gn i t ed  by impact i n  CTF (19 f t - l b s  t o  140 f t - l b s )  and do not  enhance 
explosive shock. 
T e s t s  were performed t o  determine whether clean and dry metals need 
Cleaned con t ro l  specimens were t o  be passivated f o r  use with CTF [15]. 
exposed t o  l i q u i d  CTF f o r  about one week; o ther  cleaned specimens were 
exposed t o  l i qu id  CTF f o r  40-60 hours, followed by exposure t o  the  atmos- 
phere f o r  about 50 days,  then re-exposed t o  l i q u i d  CTF f o r  about one week. 
The r e s u l t s  f o r  dup l i ca t e  specimens were i n  exce l l en t  agreement, so  only 
one set of da t a  f o r  each metal w a s  s e l ec t ed  for i l l u s t r a t i o n  i n  Table 8. 
The authors  concluded from the  weight changes and the  appearances of the  
specimens t h a t  there  w a s  l i t t l e  d i f f e rence  between the  con t ro l s  or the  
specimens which had p r i o r  CTF pass iva t ion ,  and t h a t  p r io r  pass iva t ion  for 
serv ice  with CTF was unnecessary. They, s t r e s s ,  however, t h e  importance 
of c l ean l ines s  of the  metal sur faces  and suggest t h a t  s y s t e m s  be i s o l a t e d  
a f t e r  c leaning and perhaps f lushed with dry n i t rogen  a f t e r  standing. I f  
contamination or excessive corrosion i s  suspected i n  f r e s h  or passivated 
systems, i t  i s  recommended t h a t  the  system be completely cleaned p r i o r  t o  
in t roduct ion  of CTF; f o r  example: (1) a l k a l i n e  or solvent  degreasing, 
(2)  ac id  p ick l ing  and mechanical abrasion i f  requi red ,  (3) water-r insing,  
(4)  mild a l k a l i  (Na2C03) neu t r a l i z ing ,  (5) water r in s ing ,  (6) thorough 
drying above 100°C with dry n i t rogen  f lush ing .  
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T a b l e  3 
CORROSION RATES OF STRUCTURAL MATERIALS I N  OF, [Ref .  271 
( A v e r a g e  o f  du l i c a t e  t e s t s  a t  -110'F and  s a t u r a t i o n  
p r e s s u r e  o f  459 p s i  i n  ( G I  g a s  and  ( L )  l i q u i d  p h a s e s )  
MATERIAL AND 
TREATMENT 
Aluminum Al lovs  
A1 1100-0 
A1 2014-T6 
A1 2219-T81 
A1 6061-T6 
A 1  7075-T6 
A1 7079-T6 
S t a i n l e s s  S t e e l s  
SS301-FH 
SS316-A 
SS3 16 - FH 
SS347 - A 
58347- FH 
AM350 (850SCI') 
PH-15-7Mo ('IH 1050) 
Nicke l  and Copper Al loys  
Nicke l  200-A 
Monel 400-A 
Incone l  X 
(1300/20 hr) 
Rene 41/CT/IR 
(1400/16 hr) 
Copper- A 
B r a s s  (70-30)-A 
Cufenloy 10-A 
Cufenloy 40-A 
O X I D I Z E R  
PHASE 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
1 - D a y  
1 . 2  
0 . 3  
0 . 4  
0 .0  
1.8 
0 . 5  
0 . 4  
0 . 2  
0 . 4  
0 . 8  
0 . 4  
0 . 3  
0 . 3  
0 .8  
0 . 2  
0 . 1  
0 . 3  
0.2 
0 . 2  
0 . 2  
0 . 4  
0 . 3  
0 . 3  
0 . 4  
0 . 4  
0 . 1  
0 . 1  
0 . 2  
0 . 2  
0 . 2  
0 . 0  
0 . 2  
0 . 0  
0 . 2  
0 . 0  
0 . 2  
0 . 0  
0 . 4  
0 . 3  
0 . 3  
0 . 3  
0 . 3  
CORROSION RATE - MPY 
2 1 - D a y  
0.04 
0 .04  
0 .05  
0 . 0 3  
0 .02  
0 . 0 1  
0 .09  
0 .11  
0 .06  
0 . 0 4  
_ -  
- -  
_ _  
0 . 0 1  
0 . 0 1  
0 .01  
0.01 
0 . 0 1  
0.00 
0 . 0 1  
_ -  
- -  
_ -  
_ -  
- _  
_ -  
0 .02  
0 .01  
0 .02  
0 .02  
0 .03  
0 . 0 3  
0 .01  
0 .02  
0 . 0 1  
0 .00  
0 . 0 1  
0 . 0 2  
0.00 
0 . 0 1  
- -  
- -  
4 - M o n t h  
0 .004  
0 .020  
0.000 
0.080 
0.000 
0.007 
0 .004  
0 .004  
0.09 
0.007 
0.00 
- _  
0.000 
0 .005  
0 .002  
0.000 
0 .001  
0.000 
0 .002  
0 .  001 
0 .001  
0.000 
0 .005  
0 .002  
- _  
_ _  
0.001 
0 .002  
0 .003  
0 .003  
0 .002  
0 .002  
0 .001  
0 .001  
0 .005  
0.005 
0 .002  
0.004 
0.004 
0 .004  
0.004 
0 .003  
1 2 - M o n t h  
0.001 
0.000 
0.002 
0.000 
0 .002  
0.000 
0.000 
0 .002  
- -  
_ -  
0.009 
0.007 
0.000 
0 .001  
0 .000  
0 .000  
0.000 
0.001 
0 .002  
0 .003  
0.000 
0.000 
0.000 
0 .004  
0 .003  
0 .003  
0.007 
0.007 
0.000 
0 .001  
0.001 
0 .001  
0.001 
0.001 
0.001 
0 .001  
0 .001  
0 .001  
0 .001  
0.000 
0 .001  
0 .001  
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T a b l e  4 
APPEARANCE OF METAL SPECIMENS 
STORED I N  OF2 AT - l l O ° F  [Ref .  271 
METAL 
41 1100-0 
A 1  2014-T6 
A 1  2219-T81 
A 1  6061-T6 
A 1  7079-T6 
SS 301-FH 
SS 316-A* 
SS 347-A 
ss 347-FH 
~ 1 1 5 ~ 7 ~ ~  
(TH 1050) 
Ah4350 (85OSCT) 
Nicke l  200-A 
Monel 400-A 
Rene 41 CMR 
(1400/16 h r )  
I n c  one 1 -X 
(1400/16 h r )  
Cufenloy 10-A 
Cufenloy 40-A 
Copper- A 
Brass  (70-30)A 
'HASE 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
- 
L 
G 
L 
G 
L 
G 
L 
G 
L
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
L 
G 
- 
- 
- 
1 DAY 
Nhi te d e p o s i t  
10 change 
uhi t e  d e p o s i t  
i o  change. s t a i n e d  
Nhite d e p o s i t  
io change 
Nhite d e p o s i t  
Nhi te d e p o s i t  
Nhite f i l m  
i o  change 
no change 
no change 
no change 
no change 
no change  
no change 
no change 
no change 
no change 
no change 
no change 
no change 
b lue-green  r e s i d u e ,  
g reen  s t a i n  
t r a n s p a r e n t  f i l m  
no change 
s t a i n e d  
grey f i l m  
no change 
no change 
no change 
s p o t t y  whi te  
d e p o s i t s  
s p o t t y  wh i t e  
d e p o s i t s  
s t a i n e d  
s t a i n e d  
no change 
no change 
s t a i n e d  
no change, s t a i n e d  
21 DAYS 
- 
g e n e r a l  p i t t i n g  - 
g e n e r a l  p i t t i n g  
s l .  b l u e  s t a i n  
w h i t e .  depos i  t ,  f i l m  
sl.  p i t t i n g  
f i l m  
no change 
no change 
no change 
no change 
no change 
no change 
r u s t  a r t i c l e s  
p o s s i g l e  p i t t i n g  
- 
gold  s t a i n  
g e n e r a l  p i t t i n g  
gold  s t a i n  
g e n e r a l  p i t t i n g  
b l a c k  s t r i p e s  
n o  change 
b l ack  s t r ipes  
p o s s i b l e  p i t t i n g  
s t a i n e d  
s t a i n e d  
s t a i n e d  
s t a i n e d  
s t a j n e d  
s t a i n ,  , c o n t a c t  
c o r r o s i o n  
s t a i n e d  
s l .  s t a i n  
4 MONTHS 
i r i d e s c e n t  f i l m  
i r i d e s c e n t  f i l m  
amber f i l m ,  g rey  
r e s i d u e  
amber f i l m  
i r i d e s c e n t  f i l m  
i r i d e s c e n t  f i l m  
s l .  s t a i n  
s l .  s t a i n  
s l .  s t a i n  
s l .  s t a i n  
i r i d e s c e n t  f i l m  
i r i d e s c e n t  f i l m  
no change 
no  change 
s p o t t y  s t a i n  
s p o t t y  s t a i n  
i r i d e s c e n t  f i l m  
no change 
- 
amber f i l m  
amber f i l m  
amber f i l m  
amber f i l m  
sl .  s t a i n  
s l .  s t a i n  
amber s t a i n  
sl. s t a i n  
s l .  da rken ing  
s l .  da rken ing  
d u l l  i r i d .  f i l m  
d u l l  i r i d .  f i l m  
I t .  amber f i l m  
I t .  amber f i l m  
amber f i l m  
I t .  amber f i l m  
12 MONTHS 
f i lm ,  c loudy 
pa tches  
cloudy pa tches  
no change, c loudy 
pa tches  
amber f i l m  
no change 
no change 
no change 
t r a n s p a r e n t  f i l m  
no change 
cloudy f i l m ,  no  
change 
no change 
no change 
no change 
I t .  grey  f i l m  
I t .  g rey  f i l m  
no change 
no change 
dk. grey  f i l m  
dk. g rey  f i l m  
dk. grey  f i l m  
dk. g rey  f i l m  
cloudy f i l m  
t r a n s p a r e n t  f i l m  
no change 
no change 
dk. grey  f i l m  
dk. grey  f i l m  
dk. grey f i l m  
dk. grey f i l m  
p i t s  and  s t a i n s  
p i t s  and s t a i n s  
I t .  grey f i l m  
I t .  g rey  f i l m  
t h i c k  f i l m  s t a i n s  
t h i c k  f i l m  s t a i n s  
heavy s t a i n  
no change 
* Construct ion m a t e r i a l  for s t o r a g e  c o n t a i n e r s .  
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T a b l e  5 
EFFECT OF 1% WATER ADDITION ON CORROSION OF STRUCTURAL 
METALS I N  LIQUID OXYGEN DIFLUORIDE [Ref .  271 
( I m m e r s i o n  T e s t s  C o n d u c t e d  a t  -110'F f o r  One Day)  
MATERIAL AND I TREATMENT 
S t a i n l e s s  Steelsa 
SS301-FH 
SS316- A 
55316-FH 
SS347 - A 
1 SS347-H 
PH15-7 MO 
THlO 50 
AM3 50 
85OSCT 
AM355 
850SCT 
Aluminum Al loysb  
A1 1100-0 
A1 2014-T6 
A1 2024-T6 
A 1  2219-T81 
A1 5456-H343 
A1 6061-T6 
AL 7075-T6 
A1 7079-T6 
WEIGHT 
CHANGE, g 
0.0002 
-0.000 1 
0.0000 
-0.0071 
-0.0024 
0.0007 
-0.0002 
0 .0003 
-0.000 2 
0.0000 
-0.0002 
0.0004 
0 .0001 
0.0000 
0.0004 
0 .0001  
-0.0002 
-0.0006 
0.0001 
0.0002 
-0.0001 
0.0000 
0 .0001 
0 * 0000 
0.0001 
0.0001 
0.0000 
0.0000 
0.0004 
0 .0003 
0.0000 
0.0002 
CORROSION RATE 
0.0 
0 .0  
0.0 
2 .3  
0 .8  
0 . 1  
0 .0  
0 . 1  
0 . 1  
0.0 
0 . 1  
0 . 1  
0 .0  
0 .0  
0.0 
0.0 
0 . 1  
0 . 2  
0 .0  
0 . 1  
0 . 2  
0 .0  
0 . 0  
0 . 0  
0.0 
0.0 
0 .0  
0.0 
0 . 1  
0 . 1  
0 . 0  
0 . 1  
- 
mPY 
0.0 
0.0 
0.0 
6 . 5  
2.2 
0 . 3  
0 .0  
0 . 3  
0. 3 
0 .0  
0 . 3  
0 . 3  
0.0 
0 . 0  
0 .0  
0.0 
0 . 8  
1 . 6  
0 .0  
0 .8  
1 . 6 4  
0 .0  
0 .0  
0 .0  
0.0 
0.0 
0.0 
0 .0  
0 .8  
0 . 8  
0.0 
0 .8  
APPEARANCE 
Vo change 
Vo change 
\Io change 
No change 
No change 
No change 
Grey s u r f a c e  
Grey s u r f a c e  
P i t t i n g  
P i t t i n g  
Brownish c o r r o s i o n  d e p o s i t  
Brownish c o r r o s i o n  d e p o s i t  
Brownish c o r r o s i o n  d e p o s i t  
Brownish c o r r o s i o n  d e p o s i t  
Brownish c o r r o s i o n  d e p o s i t  
Brownish c o r r o s i o n  d e p o s i t  
T r a n s p a r e n t  f i lm  
Transpa ren t  f i l m  
Blue  f i lm  
Blue  f i l m  
T a r n i s h ,  p i t t i n g  
T a r n i s h ,  p i t t i n g  
T a r n i s h  
T a r n i s h  
B lue  f i l m  
Blue  f i lm  and p i t t i n g  
Transpa ren t  f i lm  
Cloudy f i lm  
T a r n i s h  
Ta rn i sh  
Film and p i t t i n g  
Film and p i t t i n g  
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T a b l e  5 ( C o n c l u d e d )  
MATERIAL AND 
TREATMENT 
Copper and Nicke l  Alloys'  
Copper- A 
B r a s s  (70-30) -A 
Nicke l  200-A 
Monel 400-A 
Ren e' 4 lCMR 
(1400/16 h r )  
Incone l  - X  
Cufenloy  10-A 
Cufenloy  40-A 
O t h e r  Meta l s  
Ti tan ium,  
6A1-4VC 
Ti tan ium,  
Al l0  - AT- AC 
Mg A110 I HM21A-db 
Columbium-Ab 
Tantalum-Ab 
WEIGHT 
CHANGE, g 
0.0007 
0.0004 
-0.0002 
-0.0005 
0.0000 
0.0000 
-0.0005 
-0.0003 
-0.0002 
-0.0003 
-0.0004 
-0.0003 
-0.0005 
-0.0005 
-0.0002 
-0.0002 
0.0000 
0.0002 
-0.1840 
-0.1000 
0.0008 
0.0004 
-0.0001 
-0.0001 
0.0001 
-0.0001 
CO RRO S I 
mg/ in 2 
0.2 
0.1 
0 . 1  
0 . 2  
0.0 
0.0 
0.2 
0 . 1  
0.1 
0.1 
0.1 
0.1 
0.1 
0 . 2  
0.1 
0 . 1  
0.0 
0 . 1  
59.6 
32. 4 
0 . 2  
0 .1 
0.0 
0.0 
0.0 
0.0 - 
RATE 
mP Y 
0.5  
0 . 3  
0 .3  
0 .5 
0.0 
0.0 
0.5  
0 . 3  
0 . 3  
0 .3  
0.3 
0 .3  
0 . 0 3  
0 .5  
0 . 3  
0 . 3  
0.0 
0 .5  
292.0 
158. 0 
2.6 
1.3 
0.0 
0.0 
0.0 
0.0 
APPEARANCE 
T a r n i s h  
T a r n i s h  
P i t t i n g  
P i t t i n g  
Transp. f i lm  and nonhyd. s p o t s  
Transp. f i lm  and nonhyd. s p o t s  
P o s s i b l e  p i t s  
P o s s i b l e  p i t s  
No change and t a r n i s h  
No change and t a r n i s h  
Grey s u r f a c e  
Grey s u r f a c e  
Copper t a r n i s h  
Copper t a r n i s h  
P i t t e d  and t a r n i s h e d  
P i t t e d  and t a r n i s h e d  
T a r n i s h  
T a r n i s h  
Grey s u r f a c e  
Grey s u r f a c e  
Brownish coupon p roduc t  
Brownish coupon p roduc t  
P i t t i n g ,  no change 
P i t t i n g ,  no change 
P i t t i n g  
P i t t i n g  
a T e s t  FOW-1, Bomb D2 
T e s t  FOW-1, Bomb D 1 1  
T e s t  FOW-1, Bomb D2 
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SAMPLE 
Hone1 
5061-T6 
347 ss 
In conel- X 
304 SS 
301 SS 
20 14- T6 
347 ss 
5052-H34 
I n  con el - X 
6061-T6 
301 SS 
Monel 
347 ss 
2014-T6 
304 SS 
606 1-T6 
304 SS 
301 S S  
Monel 
347 ss 
6061-T6 
5052-H34 
2014-T6 
2064-T6 
347 ss 
Inconel -  X 
60 6 1- T6 
2014-T6 
5052-H34. 
50 52-H34 
6061-T6 
TEST 
NO. 
F lox -1  
Flox-2 
- 
Flox- 3 
- 
F ~ o x - 4  
T a b l e  6 
RESULTS OF LIQUID FLOX-40 IMMERSION TESTS: 
( S a m p l e s  s t r e s s e d  t o 8 O %  o f  no 
IMMERSION HELIUM SAMPLE 
WT., g 
21.2546 
5.5407 
17.6849 
21.6801 
16.7282 
5.8856 
16.1817 
15. 5707 
5.6318 
21.7765 
5. 5311 
16.1946 
21.4009 
14.3420 
5.9329 
16.1309 
5.5572 
16.4963 
16.2654 
21.2558 
15.6394 
5.3312 
5.2893 
5.7192 
5.9302 
17.70 30 
21.6590 
5.3199 
5.7406 
5.2079 
5.3913 
5.2985 
rmal  y i e l d  
WT.  GAIN^ 
0.05 
0 . 0 3  
0.03 
0.06 
0 . 0 4  
0 . 0 1  
0.02 
0 . 0  
0 .0  
0.06 
0.06 
0 . 0 1  
0 . 0 5  
0.01 
0 . 0 1  
0 . 0 3  
-0.05 
0.05 
0 .0  
0 .11  
0.06 
0 .05  
0 . 0 1  
0.07 
0 . 0 4  
0.06 
0.07 
0 . 0  
0.02 
0 .03  
0 .03  
0 .01  
[Ref .  261 
t r en g t h )  
REMARKS 
P r e s s u r e  i n  t h e  bomb i n -  
c r e a s e d  t o  80 p s i g  a f t e r  
16 h r  due t o  p a r t i a l  evap- 
o r a t i o n  o f  t h e  LN2 ba th .  
P r e s s u r e  i n  bomb i n -  
c r e a s e d  t o  75 p s i g  a f t e r  
18 h r  due t o  p a r t i a l  evap- 
o r a t i o n  o f  t h e  LN2 ba th .  
P r e s s u r e  i n  bomb i n -  
c r e a s e d  t o  125 p s i g  a f t e r  
17 h r  due t o  p a r t i a l  evap- 
o r a t i o n  o f  t h e  LN2 ba th .  
P r e s s u r e  i n  bomb in -  
c r eased  t o  77 p s i g  a f t e r  
19 h r  due t o  p a r t i a l  evap- 
o r a t i o n  o f  Ld\12 ba th .  
2 
a A l l  s a m p l e  a r e a s  were o f  t h e  o r d e r  o f  8 i n  
Notes :  
. 
(1) No d e t e c t a b l e  c h a n g e  i n  t h e  a p p e a r a n c e  o f  t h e  s p e c i m e n s  a f t e r  e x p o s u r e  t o  LF2. 
( 2 )  No i n d i c a t i o n s  o f  g a l v a n i c  d i s s i m i l a r  m e t a l  r e a c t i o n s  i n  any o f  t h e s e  tests. 
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T a b l e  7 
COlIROSlON RATES OF METALS IN CHLORINE TRIFLUORIDE 
(21-f )ay  E x p o s u r e )  AT 30°C [Ref .  1 5 1  
MATERIAL 
Copper  alloy^ 
ETP Copper 
DHP Copper 
Ber I l ium Co e r ,  2% 
( L r y l c o  47 
Phos hor  Bronze, 
5%, t r a d e  A 
Aluminum Bronze, 
8% (Ampco 8 )  
Yellow Brass 
Rule Brass  
Nicke l  Silver,  
18% (A110 A )  
Cupro-Nic le l ,  30% 
Magnesium Al loys  I AZ3lB 
Nic ke 1 AI loys 
‘ I  A ” Nic ke 1 
Mone 1 
Inc  one 1 
Incoloy  
S t a i n l e s s  S t e e l s  
AISI 304 
AISI 304 
AISI 316 
AISI 316 
AISI 347 
AISI 347 
AISI 403 
AISI 403 
Carpenter  E20-Cb 
Car pen ter  92 0- Cb 
(Cond. W 950) 
(Cond. lH 1050) 
PH 15-7 MO 
PH 15-7 MO 
Low-Carbon Steels 
AISI 1010 
AISI 1010 (Coated 
w i t h  Fosbond 40*) 
AISI 1010 (Coated 
w i t h  Fosbond 27*)  
AV COI 
RATE 
L i q u i d  
0,01 
0.01 
0.01 
0.01 
0 .01  
0.01 
0 .11  
0.12 
0.11 
0 .15  
0.03 
0.03 
0.07 
0.03 
0 .03  
0.03 
0.13 
0.05 
0.00 
0.01 
0.00 
0.01 
0.028 
0.03b 
0.03’ 
0. OSa 
0. 04a 
0.07b 
0.02a 
0.01 
0.01 
0. f f ib  
0.09b 
0.05b 
0.01 
0.04 
0.01 
ISION 
llPY 
Vapor 
- 
0.02 
. - 
0.11  
- 
0 .15  
0.60 
0.20  - 
0. 06 
0.02 - 
0.09 
0.13 
0.07 
- 
a Rupture d i s c  on t e s t  tank f a i l e d  a f t e r  16 days ;  
e n t i r e  test r e p e a t e d .  
Fiepeat test. 
*Tr’ade Mark - Pennsal t  Chemicals Corporat lon 
(Fosbond 40 - a z i n c  phosphate- type  c o a t i n g )  
(Fosbond 27 - a n  a l k a l i  phosphate-type c o a t i n g ) .  
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T a b l e  8 
WEIGHT CHANGES I N  PASS1 VATION- PRESERVATION TESTS 
WITH LIQUID CHLORINE TRIFLUORIDE AT 3OoC 
[Typ ica l  D a t a  from Ref. 151 
S U C C E S S I V E  
EXPOSURES 
CTF 
Air 
CTF 
A i r  
CTF 
C TF 
A i  r 
CTF 
A i r  
CTF 
MATERI A L ~  
A1 umi num 1100 
Copper, ET’ 
EXPOSURE WT. CHANGE P E R  
T I M E  EXPOSURE, m g  
64h 0.0 
51d +o. 1 
16 4h +o. 1 
51d +o. 2 
164h +o. 1 
6 5h +O. 6 
51d +o. 1 
161h +l .  1 
51d +o. 1 
161h +l .  0 
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Magnesium AZ31B 
A i  r 
CTF 
CTF 
A i  r 
CTF 
A i  r 
CTF 
“A” Nickel 
51d + l .  5 
164h +o. 2 
65h +o. 1 
51d +o. 2 
16 4h +o. 1 
51d t 0 . 2  
16 4h +0.1 
T a b l e  8 ( C o n c l u d e d )  
MATERIAL a 
Monel 
S t a i n l e s s  S t e e l  403 
S t a i n l e s s  Steel 316 
Low Carbon S t e e l  1010 
Low Carbon Steel 1010 wi th  Fosbond 40* 
c o a t i n g  ( z i n c  phospha te  type)  
Low Carbon S t e e l  1010 with Fosbond 27* 
c o a t i n g  ( a l k a l i  meta l  phospha te  type)  
SUCCESSIVE I EXPOSURE 1 WT. CHANGE PER 
EXPOSURES TIME EXPOSURE, mg 
+o. 3 
A i  r +o. 3 
CTF 163h +O. 4 
CTF 65h -0 .1  
A i  r 51d  +o. 2 
CTF 163h +o. 2 
A i  r 51d 0.0 
CTF 163h -0.1 
163h +o. 1 
A i  r 
CTF 163h 0 .0  
CTF 
Air + 3 . 1  
CTF 
A i  r t 2 . 2  
CTF I 1%; 1 +1.1 
0 .0  
-1.2 
+0.6 
A i  r 49 d +O.  4 
CTF 163h +O. 3 
A i  r 49 d 
CTF 163h to .  5 
* 
Trade Mark ~ P e n n s a l t  Chemicals  Corporat ion.  
2 
a Metal test p i e c e s :  exposed a r e a  i n  t h e  range of  18-20 cm ; w e i g h t s  i n  range o f  
4-24 g .  
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V. FORMATION AND NATURE OF FLUORIDE FILMS 
The inhibition of fluorine-oxidizer attack on metal surfaces after 
a rapid formation of a coating of metal fluoride was mentioned briefly 
in Section 111. The compatibility studies with fluorine oxidizers 
(Section IV) indicate that the corrosion layers on compatible metal 
surfaces are extremely thin. In the case of OF where storage tests 
were conducted for periods up to one year, corrosive attack appears to 
cease in the first few weeks of exposure o r  is restricted to a fraction 
of the initial rate of attack. 
2 
The rate of formation of the fluoride film, its behavior on expo- 
sure to vacuum or  the atmosphere, and its general structure are dis- 
cussed in this Section. It is evident from the review of reports in- 
eluded in this Section and from classical references that only metallic 
fluorides are formed by the complete interaction of metals or metal 
oxides with fluorine, halogenated fluorine compounds, o r  fluorine- 
oxygen compounds. The thickness of the primary film on metals ranges 
from 3-14 A after the first minute of exposure to fluorine and is only 
6-30 A after one hour. Quoted rates of formation of a film on a given 
metal may appear to vary for a particular oxidizer, but these variations 
are likely to be due to contaminant HF and moisture in the oxidizers-- 
as suggested by the results of compatibility studies noted in Section Iv 
Corrosion rates are very low. 
%- 
0 
0 
REACTION OF FLUORINE WITH METALS IN DEACTIVATION PROCESSES 
The thickness of the corrosion film formed by reaction of gaseous 
fluorine with a variety of metal powders at different temperatures was 
determined by Kleinberg and Tompkins [19]. A calibrated-volume system, 
For example, Mellors Comprehensive Treatise on Inorganic and 
Theoretical Chemistry." 
3t  
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passivated with f l u o r i n e ,  w a s  used t o  measure t h e  drop i n  pressure  of 
f l u o r i n e  gas because of i ts  r e a c t i o n  with metal powder su r faces .  ( N o  
mention w a s  made of s p e c i a l  c leaning  or reduct ion  of metal powders.) 
Surface areas, determined by t h e  BET method, ranged from about 36 t o  
3000 c m  /g. The i n i t i a l  f l u o r i n e  pressure  w a s  one atmosphere and t e m -  
peratures  of -113', +83', and +183'F were used i n  sepa ra t e  series of 
tests l a s t i n g  as long as 100 hours. Consumption of f l u o r i n e  with re- 
spect t o  a v a i l a b l e  su r face  a rea  of t h e  metal powders was converted 
i n t o  f i lm  th ickness  of m e t a l  f l u o r i d e .  I t  i s  noted t h a t  some incon- 
s i s t e n c i e s  i n  t h e  r e s u l t s  may be a t t r i b u t e d  t o  the  uncer ta in ty  of sur- 
2 
f ace  a reas  a t  l e v e l s  less than 1 m /g. 
2 
Data given by Kleinberg and Tompkins f o r  t he  cor ros ion  rates of 
a v a r i e t y  of metals i n  gaseous f l u o r i n e  a t  86'F have been re -p lo t ted  
i n  Figure 1 with log  t i m e  vs l o g  fi lm-thickness co-ordinates ( in s t ead  
of t i m e  vs fi lm-thickness as i n  t h e  o r i g i n a l  r e p o r t ) .  
of t h e  p l o t s  f o r  t h e  formation of f i lms  on aluminum, copper, and nickel 
a r e  immediately apparent,  and suggest t h a t  t h e  curves published by t h e  
authors were of t h e  form y = k t ,  because i f  t h e  bas ic  equation w e r e  
t o  be expressed loga r i thmica l ly ,  then: An y = k + ( l / n )  An t .  I t  
i s  ev ident  t h a t  a l i n e a r  r e l a t i o n s h i p  w i l l  be found i n  a p l o t  of 
kn y ( f i l m  th ickness)  - vs An t i f  t h e  o r i g i n a l  da t a  are e s s e n t i a l l y  of 
t h e  power-law form. 
-
The l i n e a r i t i e s  -
n 
1 
Monel metal and s t a i n l e s s  s tee l  316 cor ros ion  r a t e s  a l s o  appear t o  
be  of t h e  power l a w  form, but t h e  i n i t i a l  r eac t ions  proceed a t  d i f f e r e n t  
r a t e s ,  as suggested by t h e  change i n  s lopes  ev ident  i n  Figure 1. This 
suggests t h a t  t h e  i n i t i a l  s t ages  of formation of f l u o r i d e  f i lms  may 
have been involved with a r eac t ion  of su r face  oxides with f l u o r i n e  
while l a t e r  s t ages  represent  t he  c h a r a c t e r i s t i c  formation of f i l m  by 
r eac t ion  of f l u o r i n e  and metal. Although o t h e r  mechanisms may poss ib ly  
be involved, t h e  important po in t  i s  t h a t  cor ros ion  rates a f t e r  about 
10 hours seem t o  follow a power law f o r  which n is  between 2 and 3. 
For exponents g r e a t e r  than 2 ,  i t  is  assumed t h a t  r e t a r d a t i o n  of d i f fu-  
s i o n  i s  considerably g r e a t e r  than t h a t  determined by an increase  i n  
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f i lm th ickness ,  such a s  may be r e a l i z e d  by a decrease i n  d i f fus ion  co- 
e f f i c i e n t  of f l uo r ide  ion  with f i lm growth and age. 
I f  t he  da t a  of Kleinberg and Tompkins be p l o t t e d  fi lm-thickness - vs 
log t i m e ,  i n  order  t o  test  f o r  compliance with a logari thmic rate of f i l m  
growth [e.g., y = kl An ( k t )  f c], the  resu l tan t  p l o t s  (Figure 2)  g ross ly  
depart  from l i n e a r i t y ;  hence, the  s e l e c t i o n  of a power l a w  corrosion equa- 
t i o n  appears s u f f i c i e n t  f o r  the ava i l ab le  da t a  points .  (Perhaps corrosion 
da ta  w i l l  conform to  a log decrement curve when da ta  obtained from long- 
term tests a r e  used.)  
Extrapolat ion of r a t e s  obtained from Figure 1 suggest t h a t  n i cke l ,  
aluminum, copper, and Monel w i l l  have f luo r ide  f i lm thicknesses  of the 
order  of 50 t o  150 A a t  the  end of one year of a t t a c k ,  and t h a t  s t a i n l e s s  
steel 316 w i l l  have a f i lm of no more than 1000 th i ck  (4 micro-inches!). 
A s e r i e s  of experiments performed by Kleinberg and Tompkins estab-  
l i shed  t h a t  the  f luo r ide  f i lms  formed by i n t e r a c t i o n  of metal  sur faces  
and f luo r ine  a r e  a f f ec t ed  by water vapor ( i n  a i r ) ;  f o r  example, metal  
surfaces  which had been i n  contact  with f luo r ine  and then w e r e  exposed t o  
a i r  would take  up add i t iona l  q u a n t i t i e s  of f l uo r ine .  The authors  found 
t h a t  anhydrous inorganic  f l u o r i d e s ,  e .g . ,  MgF2 and NiF2, rap id ly  absorbed 
water ( t o  form hydrates or an adsorbed f i lm)  and reacted with f l u o r i n e  t o  
an ex ten t  determined by t h e i r  water content.  Hence, the  d e t e r i o r i a t i o n  
of "passive" f i lms  by water was considered by them t o  be due ( i n  p a r t )  t o  
a mechanism involving hydration of inorganic  f l u o r i d e  compounds, and t h a t  
when the  hydrated f i lms  a r e  again subjected t o  f luo r ine  a c t i o n ,  t he  water 
content of the  f i lm r e a c t s  and a pro tec t ive  f i lm i s  re-establ ished wherever 
exposed metal  e x i s t s ,  
s t r a t e d  t h a t  f l uo r ide  f i lms  a r e  destroyed by atmospheric moisture,  and t h a t  
the f i lms  a r e  regenerated a t  rates comparable t o  the  bas ic  rates of forma- 
t i o n  of f l u o r i d e  f i lms  on clean metals (with the  exception of copper).  
Cannon -- e t  a l . [SI a l s o  obtained da ta  which demon- 
Cannon e t  a l .  ca re fu l ly  measured the  r a t e  of formation of f i lms  by --
f luo r ine  gas  on metal powders of aluminum a l l o y s ,  copper, Monel, n i cke l ,  
and s t a i n l e s s  s t e e l  a t  8O0F i n  a constant-volume system. Surface a reas  
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2 of 1000 t o  7000 c m  /g were determined by the  BET technique. 
t i o n  by the  powders of f l u o r i n e  i n i t i a l l y  a t  one atmosphere w a s  measured 
a t  i n t e r v a l s  from 1 t o  800 minutes and converted t o  f i lm thicknesses .  
The authors  chose t o  i n t e r p r e t  t h e i r  measurements as ind ica t ive  of a 
logari thmic corrosion rate,  poss ib le  a s  suggested by the  work of O'Donnell 
and Spakowski [21] i n  which the  corrosion rate of i r o n  i n  f l u o r i n e  a t  
225OC appears t o  follow a logari thmic rate l a w .  A c h a r a c t e r i s t i c  s e m i -  
log p l o t  of t h e i r  da t a  i s  reproduced i n  Figure 3 which suggests ,  within 
experimental e r r o r ,  t h a t  the  i n i t i a l  rates of formation of f luo r ide  f i lms  
on copper, Monel, and n i cke l  f u l f i l l  the  logari thmic rate l a w .  On the  
o ther  hand, i f  t he  da t a  i n  Figure 3 and da ta  f o r  o ther  metals i n  t h e i r  
r epor t  be p lo t t ed  i n  log-log form, s t r a i g h t  l ines  a l s o  r e s u l t  and it  
can be assumed t h a t  the  i n i t i a l  formation a l s o  appears t o  follow a power 
law (see Figure 4)  a s  do the  da t a  of Kleinberg and Tompkins ( c f .  Figure 1) 
The consump- 
-
but the  exponents a r e  g r e a t l y  d i f f e r e n t .  Evident ly ,  the  mechanism of 
formation of the  i n i t i a l  f l u o r i d e  f i lm i s  d i f f e r e n t  than the  mechanism 
of formation of th icker  f i lms ,  or t he  presence of HF or other  contam- 
inan t s  has influenced the  r eac t ion  r a t e s  a s  determined by the  var ious 
authors .  Nevertheless,  the  short-t ime measurement procedure adopted by 
Cannon e t  a l .  has been use fu l  i n  demonstrating t h a t  the  onset  of corro- 
s ion  of metal sur faces  by f luo r ide  i s  reproducible and t h a t  f i lm formation 
takes  place rap id ly  with near ly  the  en t i r e  thickness  being generated i n  
--
a matter  of one or two hours. These f ind ings  a r e  of importance i n  
def in ing  the  time required f o r  deac t iva t ion  of metal sur faces  by f l u o r i n e ,  
In  an ea r ly  study of the  k i n e t i c s  of r eac t ion  of reduced e lec t ro-  
2 
l y t i c  copper powder ( su r face  a rea  about 400 cm /g)  with f luo r ine  between 
room temperature and 25OoC, Brown, Crabtree,  and Duncan [SI found t h a t  a 
f l u o r i d e  f i lm of about 10 1 is formed during 5 hours of exposure a t  room 
temperature. The reac t ion  r a t e  i n  the  temperature range of 25' t o  25OoC 
w a s  found t o  be  logari thmic f o r  the  time dura t ion  of the  experiments and 
independent of p re s su re  variance from 6 t o  60 torr a t  100'C. 
o ther  hand, more recent  work by O'Donnell and Spakowski on the  f luorina-  
t i o n  of copper [22] and r e l a t e d  work on n icke l  i nd ica t e  a pressure 
On the  
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dependence f o r  t h e  r eac t ions  and t h a t  t h e  lower temperature r eac t ions  
follow a simple power l a w  ( y  n = k t ) .  
FLUORINATION OF METALS AT ELEVATED TEMPERATURES 
The mechanism of f l u o r i n e  r eac t ion  with n i cke l  a t  600' t o  700'C 
was examined by J a r r y ,  F i sche r ,  and Gunther [I81 i n  metallographic and 
radio-autographic s t u d i e s .  They showed t h a t  f l u o r i n e ,  r a t h e r  than  n icke l  , 
migrates through t h e  f l u o r i d e  scales dur ing  t h e  r e a c t i o n  by gross  move- 
ment through pores and cracks  or by some t r anspor t  through t h e  scale 
i t s e l f .  
Reaction of f l u o r i n e  wi th  beryll ium a t  temperatures of 125' t o  775'C 
I t  w a s  and pressures  of 20 t o  700 t o r r  were s tud ied  by O'Donnell [ZO] .  
shown t h a t  t h e  ra te  of r eac t ion  follows a power law and t h a t  beryllium 
i s  t h e  d i f f u s i n g  spec ie .  I t  a l s o  was shown by O'Donnell [ Z l ]  t h a t  t h e  
r eac t ion  of i r o n  with f l u o r i n e  a t  temperatures of 225' t o  525'C and 
pressures up t o  200 t o r r  proceeds according t o  a logar i thmic  ra te  l a w  
during tes t  runs of about 5-6 hours. Thus, f o r  t he  metals of i n t e r e s t  
t o  rocket engineers ,  i t  appears t h a t  t h e  mechanism of f i lm growth i s  
ascr ibed  t o  the  movement of f l u o r i n e  through d e f e c t s  i n  t h e  f l u o r i d e  
f i lm t o  t h e  metal su r f ace .  
I t  has been shown by Cannon e t  a l .  [SI t h a t  the  i n i t i a l  r eac t ion  --
of f i lm formation can be enhanced by increased f l u o r i n e  pressure  a t  ambi- 
e n t  temperatures (see Figure 5 ) .  Higher temperatures of f l u o r i n a t i o n  
might a c c e l e r a t e  f i n a l  f i l m  formation; however, i t  w a s  found by O'Donnell 
and Spakowski [23] t h a t  f l u o r i n e  consumption on reduced copper f o i l s  de- 
creased with increased temperature i n  t h e  range of 800' t o  1200'F a t  
f l u o r i n e  pressures  of about 200 t o r r  i n  experiments of 2-3 hours each. 
I t  i s  assumed t h a t  t he  composition of t h e  copper f l u o r i d e  f i lm is  d i f -  
f e r e n t  a t  higher temperatures than a t  lower. 
showed t h a t  t h e  r eac t ion  a t  about 840'F w a s  p ressure  dependent over t h e  
range of 10 t o  130 t o r r  and followed a logarithmic ra te  law; experiments 
were conducted f o r  periods of 4-6 hours. The au thors  a l s o  noted t h e  
observation made by Brown e t  a l .  [SI t h a t  t h e  p a s s i v i t y  of specimens 
was l o s t  upon hea t ing  i n  vacuum. 
The same authors  [22] 
--
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REACTIONS OF FLUORINE WITH METALLIC SURFACE OXIDES 
Metal oxides and hydroxides as well as absorbed moisture are apt to 
be present on cleaned metal surfaces; water and the oxygenated compounds 
are consumptive of fluorine in deactivation processes and may lead to 
deflagration if their quantities are excessive. Fluorine reacts with 
cold, solid hydroxides to produce the fluoride of the metal, water, 
oxygen, or oxygen fluoride (OF ) ;  with cold water fluorine produces HF, 
02, and OFZ; with alkaline solutions a metal fluoride, water, oxygen, 
OF2, and a peroxide [6] are formed. 
2 
Haendler et al. E171 demonstrated that fluorine reacts incompletely 
Haendler, 
--
with copper oxide powder between 150' and 300'C to form CuF 
Patterson, and Bernard [16], working with nickel powder, reported that 
complete conversion to NiF required a temperature of 550'C and three 
exposures to fluorine with grinding in-between; on the other hand, the 
reaction NiO+NiF was nearly complete at 325'C and totally complete at 
375'C. The fluorination of NiO powders at temperatures of 25' to 180'C 
with gaseous chlorine trifluoride was studied by Farrar and Smith [14]; 
pressure differences from 0.3 to 0.1 atmosphere made only slight differ- 
ences in the final interpretation of the mechanism of fluorination. It 
was concluded that subsequent to the formation of a critical thickness 
of NiF2, a re-crystallization takes place which opens a pathway via grain 
boundaries for adsorbed fluorine to react with priorly unattacked oxide 
surf aces. 
2' 
2 
2 
In summary, the results of available studies indicate that a tem- 
perature in excess of ambient may be required for the complete fluorina- 
tion of metal surface oxides in a short time. However, other studies 
suggest that the greater portion of the reactions are completed to a 
sufficient extent (for safety considerations) after a nominal length of 
time at ambient temperatures (e.g., 1-24 hours). 
STABILITY AND NATURE OF FLUORIDE FILMS 
The general practice in fluorine-oxidizer deactivation is to expose 
cleaned systems for a short time to a reactive gas. In order to evaluate 
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the e f f ec t iveness  of t h i s  t reatment ,  Cannon e t  a l .  [8] set up an experi-  
ment with metal powders t o  determine (1) the amount of ox id i ze r  a t  one 
atmosphere and 77'F consumed as  a func t ion  of t i m e  over periods of 60 t o  
120 minutes, (2) t h e  amount of ox id izer  consumed i n  a second treatment 
af ter  room-temperature evacuation of the  sample conta iner ,  and (3) the  
amount of ox id izer  consumed a f t e r  exposure of an i n i t i a l l y - r e a c t e d  powder 
f o r  48 hours i n  a i r  with 50% r e l a t i v e  humidity. 
performed with f l u o r i n e ,  C1F3, C1F 
the  i n i t i a l  r eac t ions  of the oxid izers  w i t h  the metals were somewhat in- 
complete, f o r  a f t e r  evacuation and re-exposure t o  f luo r ine ,  some take-up 
was observed. The f l u o r i n e  take-up was g r e a t  f o r  copper (and Monel) and 
near ly  neg l ig ib l e  f o r  n i c k e l .  Similar behavior was observed when ch lor ine  
t r i f l u o r i d e  w a s  used f o r  forming the  i n i t i a l  f l u o r i d e  f i lm.  Pecu l i a r ly ,  
the  authors  d id  not a sc r ibe  a port ion of the  secondary take-up of f luo r ine  
t o  the  probable loss of f luo r ine  dissolved i n  the  copper f luo r ide  f i l m  
matrix ( a l s o  i n  the  f i l m  on Monel). 
o r i d e  f i l m  i s  required t o  maintain i n t e g r i t y  of the ra te -cont ro l l ing  
s t r u c t u r e ,  when the  halogen i s  removed by evacuation, the pass iva t ing  
na ture  of the  f i lm i s  destroyed. T h i s  mechanism perhaps i s  involved i n  
the  observat ions of O'Donnell [22] and of Brown et &. [ 5 ]  t h a t  vacuum 
destroys the  pas s iv i ty  of copper f luo r ide  f i l m s .  
--
The experiments were 
and BrF 5 5' The r e s u l t s  suggested t h a t  
I f  a so lu t ion  of halogen i n  the f lu-  
The exposure of the f luor ided  powders by Cannon e t  a l .  t o  a humid 
atmosphere r e su l t ed  i n  the consumption of f a i r l y  l a rge  amounts of ox id izer  
before  a low rate of take-up w a s  observed again; copper powder consumed 
more oxid izer  a f t e r  exposure i n i t i a l l y .  On the  o ther  hand, f i lms  on 
aluminum-2024 appeared t o  be q u i t e  s t a b l e  i n  a humid atmosphere. I t  was 
concluded t h a t  passivat ion treatments of 15 t o  30 minutes were s u f f i c i e n t  
t o  form a p ro tec t ive  f i lm ( i n i t i a l  rap id  consumption of ox id izer )  and i t  
was shown t h a t  the  same kind of pass iva t ion  could be achieved over a 
pressure range of 0.1 t o  1.5 atmospheres. I t  was suggested t h a t  passi-  
vated aluminum could be used i n  systems a f t e r  i t s  exposure t o  the  atmos- 
phere, but t h a t  s t a i n l e s s  steels and n icke l  should be re-passivated i f  
the  i n t e g r i t y  and presence of a f luo r ide  f i l m  i s  a necessary p re requ i s i t e  
t o  t h e  success of a mission. 
_.- 
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Reflect ion e l ec t ron  d i f f r a c t i o n  s t u d i e s  of f l u o r i d e  f i lms  conducted 
by Cannon e t  a l .  [8] have shown the  same f e a t u r e s  f o r  f i lms  whether they 
be deposi ted on metal powders or bulk metals, thus va l ida t ing  the  appl i -  
ca t ion  of pass iva t ion  s t u d i e s  made with powders t o  bulk metal systems. 
The d i f f r a c t i o n  pa t t e rns  showed t h a t  t he  same genera l  f luor ide  s t r u c t u r e s  
were present  i n  f i lms  regard less  of t h e  mode of pre-treatment and the  
f luo r ine  oxid izer  and whether t he  f i lms  were exposed t o  humidity. Iden- 
t i f i e d  spec ies  were metal  oxides and hydroxides, metal f l u o r i d e s ,  hydroxy 
f l u o r i d e s ,  and hydrated f luo r ides .  
--
After  exposure t o  CTF gas a t  80°F f o r  one hour, copper f i lms  con- 
ta ined  both hydrated copper ch lor ide  and copper f luo r ide  as w e l l  as 
o ther  oxygenated f luo r ides .  Exposure t o  a humid atmosphere caused the  
formation of blue c r y s t a l s  (CuF * 2H 0) ;  the  primary f i lm  was CuF 2 2 
e a s i l y  removed by mechanical abrasion [8]. 
2' 
Studies  with x-ray d i f f r a c t i o n  and e l ec t ron  d i f f r a c t i o n  techniques 
by Crabtree,  Lees, and L i t t l e  [ll] showed t h a t  the f luo r ina t ion  of copper 
sur faces  a t  about 3OO0C produced the  same anhydrous cupr ic  f luo r ide  
whether the  o r i g i n a l  sur face  w a s  reduced with hydrogen or l e f t  with the  
normal oxide f i lm.  Exposure t o  a i r  f o r  even a few minutes r e su l t ed  i n  
conversion t o  a green bas ic  f luo r ide .  Heating of the  bas ic  f luo r ide  i n  
low vacuum f o r  two hours a t  3OO0C changed the  d i f f r a c t i o n  c h a r a c t e r i s t i c s  
of the  f i lm ,  and suggested t h a t  copper was the  migrating spec ies .  
INTEGRITY OF FLUORIDE FILMS 
The f luo r ide  f i lms  formed by contac t  of most metals with f l u o r i n e ,  
the  interhalogens,  and o ther  f l u o r i n e  oxid izers  not only a r e  formed v e r y  
rap id ly  but  appear t o  be q u i t e  f l e x i b l e ,  and thus remain as p ro tec t ive  
devices when the metals a r e  flexed. A series of f l exure  tests on yellow 
b ras s ,  copper, aluminum, and Monel samples immersed i n  l i q u i d  f luo r ine  
has ind ica ted  t h a t  no increase  i n  corrosion occurs when 5-mil s t r i p s  of 
metal a r e  gent ly  f lexed  once persecond f o r  periods a s  long as 6 hours. 
\ 
', 
40 
On t h e  o the r  hand, a more vigorous d is rupt ion  of f luo r ide  f i lms ,  such as 
i s  afforded by the  dropping of a weight on f l a t  specimens, seems t o  
r e s u l t  i n  loca l ized  a c t i v i t y  between t h e  f luo r ine  oxid izer  and the  ex- 
posed m e t a l  sur face .  Experiments with var ious kinds of s t r i k e r s  a t  
var ious impact l e v e l s  i nd ica t e  t h a t  t i tanium a l l o y s  undergo i g n i t i o n  i n  
l i qu id  f luo r ine  as well  as i n  l i qu id  oxygen. Similar  t e s t s  indicated 
t h a t  aluminum has a very s m a l l  tendency t o  i g n i t e  i n  l i q u i d  f luo r ine .  
In  o the r  t e s t s ,  tubes  of copper, b rass ,  n icke l ,  Monel, aluminum-1100 and 
s t a i n l e s s  s t e e l s  304, 316, 321, and 347 were f i l l e d  with l i qu id  f luo r ine  
and subjected to  impact by pointed s t r i k e r s  and t o  t h e  explosive shock 
of a No .  6 e l e c t r i c  b l a s t i n g  cap. N o  apparent i g n i t i o n  or increase  i n  
corrosion w a s  detected,  and even v ib ra t ion  of samples at 30 cps f o r  
periods as long as 5 hours a f t e r  impact produced no e f f e c t s .  Titanium, 
brass ,  copper, Monel, aluminum, mild steel, s ta inless  s t e e l ,  and Inconel-X 
were f rac tured  i n  a l i q u i d  f luo r ine  environment; only t i tanium exhibi ted 
a mild s e n s i t i v i t y  [30]. 
Tes ts  i n  l iqu id  f luo r ine  with copper and magnesium a l l o y  AZ-31,  i n  
which the  metal samples were continuously brushed with s t a i n l e s s  s t e e l  
b r i s t l e s  under a fo rce  considered s u f f i c i e n t  t o  d i s rup t  f l uo r ide  f i lms ,  
did not r e s u l t  i n  increased corrosion r a t e s ;  it i s  suggested t h a t  f i lm 
pro tec t ion  i s  not t h e  con t ro l l i ng  mechanism i n  corrosion r e s i s t ance  of 
metals t o  l i q u i d  f l u o r i n e  ( i n  s p i t e  of overwhelming evidence l i s t e d  
herebefore) 
There i s  a l s o  a repor t  t h a t  aluminum fluorine-pump housings and 
p rope l l e r s  have performed successfu l ly  even though t h e  p rope l l e r  
occasional ly  rubs t h e  housing [11. 
Flex t e s t s  of metal bellows i n  l i q u i d  f luo r ine  have a l s o  been per-  
formed t o  determine whether scuf f ing  or s t r e t ch ing  t h e  f luo r ide  f i lms  
on metals is a f a c t o r  i n  corrosion mechanisms. For t h e  most p a r t ,  these  
t e s t s  have been inconclusive,  although it has been noted t h a t  metals 
appear t o  f a t igue  more e a s i l y  i n  a f luo r ine  environment [9, 131. On t h e  
o the r  hand, samples of AM350 s t a i n l e s s  s t e e l  and t i tanium 6A1-4V which 
were d e l i b e r a t e l y  f rac tured  i n  high-velocity jets of gaseous f l u o r i n e  
4 1  
(room temperature) gave no ind ica t ion  of i gn i t i on ,  and i n  o the r  experiments, 
were found t o  have notch s t r eng ths  i n  f luo r ine  tha t  compared favorably t o  
t h e i r  notch s t r eng ths  i n  a i r  [3I]; related f r a c t u r e  tests i n  l i q u i d  f luo-  
r i n e  with copper, b ra s s ,  aluminum, Monel, and t i t an ium resu l t ed  i n  minor 
i g n i t i o n  of t i tanium i n  a t  l e a s t  one of 12 t e s t s  b o ] .  Clearly,  none of 
the  tests conducted w i t h  f l uo r ine  and designed t o  a s c e r t a i n  the e f f i cacy  
of f l u o r i d e  f i lm p ro tec t ion  and i t s  r e s i s t ance  t o  abuse have been performed 
w i t h  s u f f i c i e n t  care  t o  permit drawing f i r m  conclusions,  
The corrosion of metals  by OF under cav i t a t ing  flow condi t ions w a s  2 
determined i n  a spec ia l  apparatus employing flow of the l i q u i d  propel lan t  
through an o r i f i c e  at  high pressure  and impingement on the  surface of 
metals ,  s imulat ing opera t ing  condi t ions i n  t y p i c a l  propulsion systems 
considered f o r  use i n  space [27]. Monel exhibi ted most r e s i s t ance  t o  
flow and impingement a t t ack ,  followed c lose ly  by s t a i n l e s s  s t e e l ;  i n  
aluminum a l l o y  samples, corrosion damage appeared t o  be a sharp func t ion  
of flow and impingement condi t ions.  I t  i s  suggested t h a t  t he  r e l a t i v e  
adherence of t h e  f l u o r i d e  f i lms  on t h e  var ious metals  a r e  responsible  f o r  
t h e i r  d i s s i m i l a r  behavior.  It is  of i n t e r e s t  t o  note t h a t  even though 
gross  erosions of metal sur faces  were evident ,  i g n i t i o n  d i d  not occur;  
evident ly ,  t h e  r a t e  of f l uo r ide  formation w a s  rapid enough t o  keep up 
with the  r a t e  at which it was removed. 
The r e s u l t s  of var ious impact t e s t s  and i g n i t a b i l i t y  t e s t s  have been 
presented i n  Sect ion I V .  I t  appears tha t  v io len t  d i s rup t ion  of pro tec t ive  
f i l m s  along with ad iaba t i c  temperature increases  are o f t e n  adequate t o  
cause loca l ized  i g n i t i o n  of many metals  and e spec ia l ly  of t h e  metals 
which form r e l a t i v e l y  v o l a t i l e  f l uo r ides .  Thus, tungsten and molybdenum, 
as well  as t i tanium appear t o  be extremely suscept ib le  t o  i g n i t i o n  on 
impact i n  f l u o r i n e  or f luo r ine  ox id ize r s  and have correspondingly low 
i g n i t i o n  temperatures [251. 
The f luo r ide  f i l m s  that  are formed on most metals a f ford  pro tec t ion  
over a wide range of temperatures;  notable exceptions are those which 
form r e l a t i v e l y  v o l a t i l e  f l uo r ides .  In  l i qu id  f l u o r i n e  or f l u o r i n e  
oxid izers ,  some of t hese  f luo r ide  f i lms  a r e  removed by d i s so lu t ion  with 
42 
t h e  r e s u l t  t h a t  t h e  base metal i s  exposed to continued a t t a c k ;  f o r  
example, titanium and columbium disso lve  r e a d i l y  i n  chlor ine t r i f l u o r i d e .  
In  conclusion, ava i lab le  data suggest t h a t  the  formation of tenacious,  
p ro tec t ive  f luo r ide  f i lms  appears to proceed with such r a p i d i t y  t h a t  only 
the  most severe scouring condi t ions can d isp lace  them t o  t h e  point where 
de f l ag ra t ion  or extremely rapid corrosion of t h e  metals  can take  place.  
I t  i s  t h e  remarkable t e n a c i t y  and f l e x i b i l i t y  of f luo r ide  f i lms  and t h e i r  
self-heal ing property t h a t  removes from considerat ion a l l  schemes f o r  
thwarting the  de l e t e r ious  ac t ion  of f luo r ine  ox id ize r s  on metals by the  
appl ica t ion  of f r a g i l e  coat ings or t h e  depos i t ion  of t h i n  f i lms  of var ious 
substances. Fragmentary d a t a  suggest t h a t  metals which a re  flexed within 
t h e i r  e l a s t i c  range do not undergo accelerated corrosion r a t e s  i n  f luo r ine  
or t h e  f luo r ine  ox id ize r s  ( t h e r e  may be some quest ion about CTF). 
r i d e  f i lms  on metals seem t o  have p rope r t i e s  similar t o  t h e i r  oxide 
counterpar ts  i n  respect  t o  a f ford ing  pro tec t ion  of t h e  base metal ,  
adherence, and f l e x i b i l i t y .  
Fluo- 
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VI. CONCLUSIONS AND RECOMMENDATIONS 
The primary conclusion r e s u l t i n g  from a cr i t ical  examination of ava i l -  
ab le  data on the  s torage  and r e a c t i v i t y  of l i q u i d  f u e l s  and oxid izers  w i t h  
compatible metals is  t h a t  "passivat ion" of metals is  not  a p re requ i s i t e ,  
provided the metal  sur faces  are f r e e  of r e a c t i v e  contaminants. Fluoride 
f i lms  form almost i n s t a n t l y  on most metals when brought i n t o  contac t  w i t h  
f l uo r ine  or any of the f l u o r i n e  ox id ize r s ,  and they appear t o  have the  
Same s t r u c t u r e  and the same adherence, f l e x i b i l i t y ,  and corrosion- 
i n h i b i t i n g  c h a r a c t e r i s t i c s  regard less  of the  way i n  which the f l u o r i n e  
or f l u o r i n e  oxidant was brought i n t o  contac t  with metal .  Thus, cor- 
rosion r a t e s  a r e  not  r e l a t e d  t o  the  way "passivation" i s  e f f ec t ed .  
No pre-service treatment i s  required f o r  metal  s y s t e m s  t o  be used 
with methane or diborane (other  than thorough c leaning) .  
requirement f o r  diborane is t h a t  the  system be completely purged of a i r  
by dry n i t rogen  p r i o r  t o  f i l l i n g  with the  f u e l  simply because i t  r e a c t s  
A conditioning 
v io l en t ly  with oxygen. 
Experiments have shown tha t  there  i s  a rap id  i n i t i a l  r eac t ion  between 
the  f l u o r i n e  oxid izers  and clean metal sur faces  t o  produce a p ro tec t ive  
f luo r ide  f i l m  t h a t  l i m i t s  f u r t h e r  a t t a c k  of the  metal;  because the f i lms  
a r e  so t h i n ,  i g n i t i o n  cannot take place,  and a c lean sys t em can be imme- 
d i a t e l y  put i n t o  se rv i ce  without pre-f luorinat ion.  However, s ince  the  
sur faces  of complicated systems are not  r ead i ly  access ib le  f o r  thorough 
cleaning, a f l u o r i n a t i o n  t reatment ,  i n  which the  oxid izer  i s  allowed t o  
r eac t  slowly with the  systems, i s  recommended t o  deac t iva te  r e s i d u a l  con- 
taminants and t o  purge the  products of deac t iva t ion  out  of the  system. 
Any f l u o r i n e  oxid izer  may be used f o r  deac t iva t ion  of metal systems p r io r  
t o  f i l l i n g  w i t h  any other  f l u o r i n e  oxid izer ,  as long as the  metals a r e  
compatible with each oxid izer .  A recommended genera l  procedure f o r  de- 
ac t iva t ion  i s  summarized i n  Sect ion 111. I t  i s  f u r t h e r  recommended tha t  
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sys t ems  be deac t iva ted  j u s t  p r i o r  to  use; i f  t h i s  i s  not  always f e a s i b l e ,  
t he  deac t iva ted  system should be kept under a pos i t i ve  pressure of t he  
oxid izer  or d r y  helium or nit rogen.  
The r e s u l t s  of compat ib i l i ty  tests suggest t h a t  a number of a l l o y s  
and metals are s u i t a b l e  f o r  use with f l u o r i n e  ox id ize r s  s ince  the  observed 
i n i t i a l  corrosion r a t e s  ( e s t ab l i shed  within a few hours) are genera l ly  
less than 0.1 mpy, and no shock or impact s e n s i t i v i t y  is  exhib i ted ;  these  
metals include copper, n i cke l ,  aluminum, and s t a i n l e s s  steel  a l loys .  The 
longest  compat ib i l i ty  tests have been performed w i t h  OF 
though the low corrosion rates observed i n  s to rage  tests of 1-day t o  12- 
month's dura t ion  w i t h  f l u o r i n e  or the  f luo r ine  oxid izers  imply compati- 
b i l i t y ,  the  p o s s i b i l i t y  of accumulation of corrosion products during long 
periods of s torage  has not been explored; i t  i s  not  c e r t a i n  whether cor- 
rosion e s s e n t i a l l y  ceases a f t e r  a t i m e ,  Col lo ida l  metal f l u o r i d e  d i s -  
pers ions which f l o c  upon cavi ta t ionmay prove burdensome; no tests have 
been performed t o  eva lua te  t he  s e v e r i t y  of the  problem of sludge or f l o c .  
(1 year ) .  A l -  
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The rate of corrosion of a metal under a t t ack  by f l u o r i n e  or a fluo- 
r i n e  oxid izer  i s  i n i t i a l l y  (first hour) v e r y  high and gradual ly  tapers  
off  t o  some near ly constant  rate (approaching zero) .  
t o  note t h a t  the  corrosion r a t e  of f l u o r i n e  oxid izers  with compatible 
metals are genera l ly  less than 0.1 mpy during the  i n i t i a l  s t ages  of 
corrosion.  A s  a f i r s t  approximation, one may use these rather high 
corrosion r a t e s  i n  order  t o  estimate the  ex ten t  t o  which corrosion may 
take place i n  a spacecraf t  propulsion system undergoing missions of 2 ,  5, 
or 10 years; t he  r e s u l t i n g  corrosion w i l l ,  of course,  represent  the max- 
imum. However, it must be recognized that  i f  t he  corrosion product 
sloughs of f  during the  s torage  per iod,  i t  may clog o r i f i c e s ,  etc. i n  the 
propulsion s y s t e m .  For example, i f  a square foo t  of n i cke l  were t o  be 
exposed t o  one of the  f luo r ine  oxid izers  f o r  10 years ,  and the  o r i g i n a l  
corrosion r a t e  i s  assumed t o  hold throughout the s torage  period (0.001 mpy), 
the  weight of n i cke l  f l u o r i d e  corrosion product i s  computed t o  be 
0.0122 ounces. I t  i s  unl ike ly  t h a t  t h i s  amount of n icke l  f l u o r i d e  w i l l  
remain attached to  the  m e t a l  sur face ;  consequently, sludge w i l l  develop 
if the corrosion r a t e  remains unal tered over the  lo-year per iod.  
I t  i s  of i n t e r e s t  
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Some t i tanium a l l o y s  appear t o  have acceptable  corrosion rates i n  
short-term tests (weeks), but most are s e n s i t i v e  t o  impact i n  t h e  f luor ine-  
oxygen ox id ize r s  and d i s so lve  i n  ch lor ine  t r i f l u o r i d e .  
S tudies  of t he  formation and na ture  of f l u o r i d e  f i lms  have revealed 
t h a t  p ro t ec t ive  f i lms  a r e  extremely t h i n ,  adherent ,  and f l e x i b l e ,  and 
l i m i t  cor ros ive  a t t a c k  t o  extremely low rates. The r a p i d i t y  of formation 
of the  p ro tec t ive  f i l m s  i s  such t h a t  se l f -hea l ing  occurs near ly  ins tan ta-  
neously i n  an operat ing system should a small  sur face  a rea  of f r e s h  metal  
be exposed by a sharp f lexure .  
RECOMNIENDATIONS FOR FURTHER STUDY 
The r e s u l t s  of short-term tests f o r  determining the compatibli ty of 
the  commoner metals of construct ion with diborane and the  f l u o r i n e  oxi- 
d i z e r s  i nd ica t e  extremely low corrosion r a t e s .  However, i f  a metal i s  
se r ious ly  considered f o r  use with any of the propel lan ts ,  s torage  tests 
should be conducted f o r  periods of a t  least two years  a t  t he  f ixed  or 
cycling temperatures expected during similar s torage  i n  space; p a r t i c u l a r  
a t t e n t i o n  must be given t o  the  sludging-out of corrosion products.+& 
More s p e c i f i c  recommendations a r e  stated b r i e f l y  a s  follows: 
(1) A s  has been implied i n  the body of t h i s  r epor t ,  abso lu te ly  clean 
metal sur faces  can be brought i n t o  contact  with semi-cryogenic propel lan ts  
without f e a r  of mishap; on the  o ther  hand, i t  has a l s o  been stressed t h a t  
thorough cleaning of complicated hardware systems i s  d i f f i c u l t ,  and i t  
has been implied t h a t  ordinary cleaning procedures and processes are 
inadequate. A comprehensive study should be undertaken i n  order  t o  es- 
t a b l i s h  s tandardized procedures f o r  cleaning s p e c i f i c  metal sur faces .  A 
subsequent study should be undertaken t o  def ine  and demonstrate techniques 
based on the f ind ings  of the i n i t i a l  study f o r  cleaning s p e c i f i c  f in i shed  
and assembled components. 
$6 Gel formation caused by contaminants i n  N2O4 has been examined i n  
flowing and s ta t ic  sys t ems  [32]; continuing work i s  involved w i t h  clog- 
ging i n  flowing systems caused by contaminants i n  OF 2 and B2Hs [33]. 
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(2) There a r e  ind ica t ions  t h a t  t i tanium a l l o y s  a r e  s e n s i t i v e  t o  
impact and are i g n i t a b l e  when f lexed  severe ly  i n  the  presence of f luo r ine  
ox id ize r s ;  scattered information suggests t h a t  c e r t a i n  t i tanium a l l o y s  
a r e  unduly corroded by f l u o r i n e  oxid izers .  I n  view of the importance of 
t i tanium and i t s  a l l o y s  as a s t r u c t u r a l  ma te r i a l  f o r  spacecraf t s ,  i t  is  
suggested that  the impact s e n s i t i v i t y  and f l e x  r e s i s t ance  of t i tanium 
and i t s  a l l o y s  i n  OF and FLOX be determined i n  a s u f f i c i e n t  number of 
experiments t o  permit s ta t is t ical  i n t e r p r e t a t i o n  and the  drawing of v a l i d  
conclusions. 
2 
(3) Long-term corrosion tests should be performed only with the 
a l l o y s  of t i tanium shown t o  have s a t i s f a c t o r y  f l e x  r e s i s t ance  and low 
l e v e l s  of impact s e n s i t i v i t y .  
(4)  Nickel-clad t i tanium i s  suggested as a s a t i s f a c t o r y  ma te r i a l  of 
cons t ruc t ion  f o r  use i n  contac t  w i t h  OF and FLOX; t h i s  composite material 
should behave l i k e  n icke l  w i t h  regard t o  impact s e n s i t i v i t y ,  i n a c t i v i t y  
under severe f l e x ,  and good corrosion r e s i s t ance .  The n icke l  can be 
deposited by c a t a l y t i c  reductio; processes on exposed, i n t r i c a t e l y  f ig-  
ured sur faces  t h a t  a r e  t o  come i n t o  contact  w i t h  the  oxid izers .  The 
impact s e n s i t i v i t y  of nickel-clad t i tanium a l l o y s  i n  OF and FLOX should 
be inves t iga ted  as soon as poss ib le .  The program of inves t iga t ion  should 
include a study of ava i l ab le  n i cke l  deposi t ion processes as t o  the i r  
e f f i cacy  i n  producing d u c t i l e  c l ads  of reasonably uniform thickness .  
The study should a l s o  take  i n t o  considerat ion the  e f f e c t  of pinholes i n  
the cladding metal on impact s e n s i t i v i t y .  I t  should include d e f i n i t i v e  
observat ions whether pinholes or o the r  d i s c o n t i n u i t i e s  w i l l  induce high 
corrosion r a t e s  because of the  ga lvanic  couple N i - T i ;  rates of corrosion 
i n  OF2 and FLOX should be determined over periods of a t  least two years  
with p a r t i c u l a r  emphasis on the  deposi t ion of p a r t i c u l a t e  matter. 
2 
2 
(5) Sca t te red  observat ions i n  t he  past  have suggested that  the  pres- 
ence of HF i n  f luo r ine  oxid izers  acce le ra t e s  corrosion r a t e s ;  o the r  
observations imply t h a t  HF i s  inac t ive .  The e f f e c t  of r e a l i s t i c  q u a n t i t i e s  
of HF and other  impur i t ies  i n  f l u o r i n e  oxid izers  on sludging and on the 
rate of a t t a c k  on metals needs t o  be established unambiguously. 
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( 6 )  Titanium and i t s  a l l o y s  become embr i t t l ed  by hydrogen; and 
compat ib i l i ty  s tud ie s  with diborane have not  been performed; t he re  is  a 
p o s s i b i l i t y  t h a t  t i tanium can react with hydrogen given o f f  by the  de- 
composition of diborane or t h a t  hydrogen can be ex t rac ted  under impact. 
The compat ib i l i ty  of titanium a l l o y s  with diborane needs to  be inves t i -  
gated under a v a r i e t y  of condi t ions including impact and severe f l exure .  
( 7 )  The decomposition of diborane leads t o  the  formation of s o l i d  
polymeric hydrides which may be conducive t o  clogging of propulsion 
systems. Long-term s to rage  tests should be i n i t i a t e d  to  determine 
whether sludges are formed and i f  they can clog propel lan t  systems. 
53 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
V I I .  REFERENCES 
Aerojet General Corporation, "Design Handbook f o r  Liquid Fluorine 
Ground Handling Equipment, AFRPL TR 65-133, August 1965. 
All ied Chemical Corporation, General Chemical Division, "Chlorine 
Tr i f luo r ide  (CTF) : Handling Ton Cylinders,  TB 8532-1. 
All ied Chemical Corporation, General Chemical Divis ion,  "Oxygen 
Dif luor ide  : 
A. Bleich and J. Hertz, "Compatibil i ty of A t l a s  Ma te r i a l s  with 
Fluorine Propel lan ts ,  " i n  Timmerhaus, Ed., Advanced Cryogenics, 
12, 762 ( 1967) 
P. E. Brown, J. M.  Crabtree,  and J. F. Duncan, "The Kinet ics  of 
t h e  Reaction of Elementary Fluorine with Copper Metal," J. Inorg. 
Nuclear Chem., 1, 202 (1955). 
G .  H .  Cady, "Reaction of Fluorine with Water and With Hydroxides," 
J. Am. Chem. SOC., 57, 246 (1935).  
Gallery Chemical Company, "Handling Diborane, Bu l l e t in  C-021, 
July 15, 1959; B. S.  Yaffe, "Diborane, Space Storable  Fuel," 
January 1962 (a t tached  with Bu l l e t in  C-021) . 
OF2, 'I Product D a t a  Sheet 7-62, 
- 
- 
- 
7a. P. F. Winternitz,  Reaction Motors, Inc. ,  "Theoretical  Laboratory 
and Experiment a1 Inves t iga t ion  of High Energy Propel lan ts .  
I t  Diborane, Volume I . ,  Report No, RMI 293-52, Ju ly  15, 1950. I t  
7b. A. J. L e f f l e r  and D.  K.  Eads, Cal lery Chemical Company, 
"Storage of Diborane, It Report No. CCC-1024-TR-35, J u l y  30, 1954. 
W. C. Cannon, &., Astropower Laboratory, Douglas Aircraf t  
Company, "Halogen Pass iva t ion  Studies ,  It AFRPL TR-66-330, January 1967. 
W.  A. Cannon, e t  a l , ,  Astropower Laboratory, Douglas Ai rc ra f t  
Company, "Halogen Pass iva t ion  Studies ,  It AFRPL TR-67-232, August 1967. 
D .  R. Cloyd and W. J. Murphy, "Handling Hazardous Mater ia l s , "  
NASA SP-5032, Washington, D.  C . ,  September 1965. 
J. M. Crabtree,  C. S. Lees, and K. L i t t l e ,  "The Copper Fluorides.  
Par t  I .  X-Ray and Electron Microscope Examination," J. Inorg. 
Nuclear Chem. , 1, 213 (1955).  - 
55 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
B. E. Dawson, A. F. Lum, and R.  R. Schreib, Thiokol Chemical 
Corporation, " Inves t iga t ion  of Advanced High Energy Space Storable  
Propel lant  System," RMD Report 5507-F, Contract NASw-449, June- 
November 1962. 
Douglas Ai rc ra f t  Company, "Development and Demonstration of C r i t e r i a  
for Liquid Fluorine Feed System Components, I' NASA CR-72063, 
October 1967. 
R.  L. Fa r r a r  and H. A. Smith, "The Kinetics of F luor ina t ion  of 
Nickel Oxide by Chlorine Tr i f luo r ide , "  J .  Phys. Chem., 59, 763 (1955). 
J .  C. Grigger and H .  C.  Miller, Pennsalt  Chemical Corporation, 
"The Compatibil i ty of Mater ia l s  with Chlorine Tr i f  luor ide ,  Perchloryl  
Fluoride,  and Mixtures of These," WADD TR-61-54, A p r i l  1961. 
H .  H .  Haendler, W .  L. Pa t te rson ,  Jr., and W. S. Bernard, The Reac- 
t i o n  of Fluorine with Zinc, Nickel, and Some of Their  Binary 
Compounds," J. Am, Chem. Soc., 74, 3167 (1952).  
H.  H .  Haendler, L. H .  Towle, E .  F. Bennett, and W. L. Pat terson,  Jr . ,  
"Reactions of Fluorine with Copper and Some of I t s  Compounds,'' 
J .  Am. Chem. SOC., 76, 2178 (1954). 
R. L.  J a r ry ,  J. Fischer ,  and W. H .  Gunther, "The Mechanism of t h e  
Nickel-Fluorine Reaction, ' I  J. Electrochem. Soc., 110, 346 (1963). 
S .  Kleinberg and J. Tompkins, A i r  Products and Chemicals, Inc. ,  
"The Compatibil i ty of Various Metals with Liquid Fluorine," 
- 
I 1  
- 
- 
-
ASD TDR-62-250, March 1962. 
P. M. O'Donnell, "Kinetics of t he  Fluorinat ion of Beryllium," 
J. Electrochem. SOC., 114, 346 (1963). 
P. M. O'Donnell, "Kinet ics  of t h e  Fluorinat ion of Iron," 
NASA TN D-3575, Washington, D.C. ,  August 1966. 
P. M. O'Donnell and A .  E.  Spakowski, "The Fluorinat ion of Copper," 
J. Electrochem. SOC., 111, 633 (1964).  
-
-
P. M .  O'Donnell and A .  E. Spakowski, "Reaction of Copper and 
Fluorine from 800' t o  1200'F," NASA TN D-768, Washington, D.C. ,  
August 1966. 
A.  V. Pastuhov, "The Transportat ion of LNG by Ship," i n  Timmerhaus, 
Ed., Advanced Cryogenics, - 12, 23 ( 1967). 
H. W. Schmidt, "Handling and U s e  of Fluorine and Fluorine-Oxygen 
Mixtures i n  Rocket Systems," NASA SP-3037, Washington, D . C . ,  1967. 
- 
56 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
D.  R. Spicer ,  Douglas Ai rc ra f t  Company, "Liquid Fluorine and 
Immersion T e s t s  under S t a t i c  S t r e s s ,  " Lab. Report MP-30,450, 
March 3, 1964. 
FLOX 
11 N. A. Tiner,  W .  D.  English,  and W .  M. Toy, Compatibil i ty of 
Structural  Mater ia l s  with High Performance 0-F Oxidizers,  
AFML "R-65-414, November 1965. 
H.  H. Uhlig and R.  B. Mears, Corrosion Handbook, J. Wiley and Sons, 
New York, N.Y., 1948, p. 20. 
S. Kleinberg, J. F. Tompkins, Jr., A. H. Singleton,  and C. J. S terner ,  
A i r  Products and Chemicals, Inc., "The P rope r t i e s  and Handling of 
Fluorine,  " ASR-TDR-62-273, October 1963, 
C. J. S terner  and A. H .  Singleton,  A i r  Products, Inc. ,  "The 
Compatibil i ty of Various Metals and Carbon with Liquid Fluorine,  
WADD TR-60-436, August 1960. 
H. T .  Richards and M. P. Hanson, "Influence of Fluorine Environment 
on t h e  Mechanical P rope r t i e s  of Several  Sheet Alloys," NASA TN D-1706, 
Washington, D.C. , Apri l  1963. 
TRW Systems Group, " Inves t iga t ion  o f  the  Formation and Behavior of 
Clogging Mater ia l  i n  Earth and Space Storable  Propel lants ,  '' 
Inter im Rhport No, 08113-6007-ROOO, Contract NAS7-549, October 1967. 
TRW Systems Group, Inves t iga t ion  of the  Formation and Behavior of 
Clogging Mater ia l  i n  Earth and Space Storable  Propel lan ts ,  " 
Quarter ly  Progress Report 08113-6010-R000, Contract NAS7-549, 
December 9, 1967 t o  March 9,  1968. 
f f  
57 
STANFORD RESEARCH INSTITUTE 
333 Ravenswood Avenue 
Main ofiices and Laboratories I Menlo Park, California 94025 
(415) 326-6200 
Cable: STANRFS, Menlo Park 
TWX: 910-373-1246 
Regional Offices and Laboratories 
Southern California Laboratories 
820 Mission Street 
South Pasadena, California 91030 
(213) 799-9501 682-3901 
TWX: 910-588-3280 
SRI-Washington 
1611 North Kent Street, Rosslyn Plaza 
Arlington, Virginia 22209 
(703) 524-2053 
Cable: STANRES, Washington, D.C. 
TWX: 710-955-1137 
SRI-New York 
200 E. 42nd Street 
New York, New York 10017 
(212) 661-5313 
SRI-Huntsville 
Missile Defense Analysis Office 
4810 Bradford Blvd., N.W. 
Huntsville, Alabama 35805 
(205) 837-3050 
TWX: 810-726-2112 
SRI-Chicago 
10 South Riverside Plaza 
Chicago, Illinois 60606 
(312) 236-6750 
SRI-Europe 
Pelikanstrasse 37 
8001, Zurich, Switzerland 
27 73 27 or 27 81 21 
Cable: STANRES, Zurich 
SRI-Scandinavia 
Skeppargatan 26 
S-114 52 Stockholm, Sweden 
60 02 26; 60 03 96; 60 04 75 
SRI-Japan 
Edobashi Building, 8th Floor 
1-6, Nihonbashi Edobashi 
Chuo-ku, Tokyo 
Tokyo 271-7108 
Cable: STANRESEARCH, Tokyo 
SRI-Southeast Asia 
Bangkok Bank Building 
182 Sukhumvit Road 
Bangkok, Thailand 
Bangkok 910-181 
Cable: STANRES, Bangkok 
Representatives 
France Italy Portugal 
Roger Godino Lorenzo L. Franceschini J. Gasparinho Correia 
94, Boulevard du Montparnasse 
75 Paris 14e, France 20129, Milan, Italy Lisbon, Portugal 
633 37 30 72 32 46 72 64 87 
Via Macedonio Melloni 49 Avenida Joao XXI, 22-3" Esq. 
April 1968 
